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ABSTRACT 
Anthropogenic activities are dumping heavy metals into the environment as waste 
effluents or integral part of some compounds. This has resulted in an increase in metals 
concentration, more than the required threshold, leading to metal toxicity for aquatic life. 
Metal resistant ciliates remove metal ions from contaminated water, mainly by the 
process of bioaccumulation. This bioaccumulation is due to low molecular weight, metal 
ions chelating proteins known as metallothioneins.   
 In the present study, a new species of Tetrahymena (Tetrahymena1.7) is being 
reported from the local industrial wastewater. Analysis of Tetrahymena1.7 SS rDNA 
(accession# HE820726) showed 99% homology to seven different species of the genus 
Tetrahymena. SS rRNA secondary structure appeared in 40 helices with 18 variations, 
including 17 substitutions and one deletion. All the variations are present in 6 variable 
lengths, namely, V2, V3, V4, V7, V8 and V9. Cytochrome c oxidase subunit 1 (COX1) 
gene sequence was quite variable, with 91% homology to its closest relative T. 
thermophila. Since this value was higher than the intraspecific variations (≥99% 
homology), Tetrahyemna1.7 has been considered as a new species i.e., Tetrahymena 
farahensis. Phylogenetic analysis based on both SS rDNA and COX1 using maximum 
likelihood and neighbor joining methods showed that Tetrahymena farahensis, new 
species was related to T. thermophila and T. malaccensis. Thus, it appeared to be a new 
member of riboset A1 and coxiset A1 on the basis of SS rRNA and COX1 gene, 
respectively. 
 Tetrahymena farahensis showed best growth rate in copper supplemented Neff‟s 
medium. However, its growth was two fold in Bold-basal salt medium compared to 
copper supplemented Neff‟s medium and modified Neff‟s medium. The organisms 
showed best growth at 27±1⁰C and pH 7.0 to 7.5. 
Tetrahymena farahensis could tolerate 127µM, 143µM and 1270µM of copper in 
wheat grain medium, bold basal salt medium and modified Neff‟s medium, respectively. 
The organisms showed bimodal uptake of copper, first in 15-30 min and the second after 
5h at low (78.5µM and 157µM) copper exposure. At higher (786µM and 1573µM) 
copper concentration, the first uptake was shifted to 0-15min while timing for the second 
 ix 
uptake remained the same (5h). After 96h, the organisms showed 54.9% copper uptake at 
500µM copper stress. 
A new copper metallothionein gene has been identified from Tetrahymena 
farahensis. The nucleotide sequence of T. farahensis copper metallothionein (TfCuMT) 
was submitted to gene bank under accession no. HE820725. BLAST results of TfCuMT 
showed 83% homology with already reported copper metallothioneins. The gene size is 
327pb, encoding 108 amino acids peptide chain. Like most of the metallohtioneins 
cysteine residues contribute nearly 30%. In TfCuMT, TAA and TAG encode glutamine as 
already reported for ciliates genetic code. The peptide sequence has copper 
metallothionein characteristic CXC motifs and devoid of any cadmium metallothionein 
specific CCC motif. Structural repeats present in peptide sequence of TfCuMT indicate 
internal duplication of gene at some stage of gene evolution. The theoretical PI is slightly 
basic, a characteristic of most of metallothioneins. The predicted irregular structure of 
TfCuMT shows that it is functional in the presence of some metal ions. Functional 
analysis using metalmine software showed that most of the cysteine residues are involved 
in copper binding. 
For expression of TfCuMT in E.coli host cells, TAA and TAG were mutated to 
CAA and CAG using site specific mutagenic primers and mega primer. The mutated gene 
showed higher expression in pET28a expression vector compared with pET21a. 
Optimum expression was obtained after 6-8h of 0.1mM IPTG induction. Stability of His 
tagged TfCuMT in 5% SDS was low, with roughly about 100 min half-life. Presence of 
1.0µM copper increased the expression level. Expression of TfCuMT is directly 
proportional to the addition of cysteine in the growth medium. His tagged TfCuMT was 
purified through affinity chromatography using NTN-His binding resin in the presence of 
0.1M imidazole and NaCl. 
Real time PCR based quantitative analysis showed that TfCuMT was a copper 
inducible gene. Gene had a basic expression level which increased by the induction of 
copper ions. Maximum expression was observed within 15min of copper exposure.  
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Introduction  
1 
 
All things living in this world interact with their environment. The constituents of 
environment are dependent on each other and maintain a balance in nature. Human are 
the only organisms with a capability to modify their environment according to needs, thus 
causing environmental imbalances. Environmental pollution is one of the major 
environmental imbalances threatening to the survival of all living things including 
mankind on this planet. 
Metals are the basic component of our daily balanced diet and biomass as well. 
Metals are present in ecosystem by natural means and anthropogenic activities, where 
they come under human interaction in various forms (Wilson and Pyatt, 2007). Nearly 
one third of the enzymes require metal ions as cofactor. Some metals are toxic and have 
no biological role like mercury, cadmium, aluminum, lead, silver and gold while others 
including calcium, potassium, sodium, iron, copper, cobalt, nickel, and manganese have 
specific role in body metabolism (Lovley, 2000). Later are acquired at low concentrations 
as inorganic metal ions (Ji and Silver, 1995). Some of these metals like Cu and Zn are 
essential component of few enzymes and cellular proteins in lower concentrations 
(Lovley, 2000) and are toxic at higher concentration (Hall, 2002). In addition, the higher 
concentration of copper in environment become dangerous, which resulted from 
anthropogenic activities (Udom et al., 2004), industrial waste, pesticides and the 
corrosive action of water passing through copper fittings (Company et al., 2004). 
In living organisms higher concentration of heavy metal ions, result their bondage 
with sulphydryl group of proteins, replacing the essential metals and formation of free 
radicals to create oxidative stress (Van Assche and Clijsters, 1990; Dietz et al., 1999). 
Some heavy metals are considered as the most persistent inorganic pollutants (Nriagu and 
Pacyna, 1988). They tend to accumulate in biomass due to their non-degradable nature 
(Kong et al., 1995). Use of these heavy metals in agriculture causes their accumulation in 
the food chain and reduce productivity of crops (Gosavi et al., 2004). They became 
carcinogenic, embryotoxic, clastogenic and inhibit the uptake of several nutrients (Ross, 
1995; Vandenberg et al., 1998; Hartwig and Schwerdtle, 2002). 
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Soil is contaminated with heavy metals mainly by disposal of domestic and 
industrial effluents as well as seepage of contaminated water through irrigation (Singh et 
al., 2004; Chen et al., 2005). The plants and vegetables growing on contaminated soil 
provide an important gateway to carry significant amount of heavy metals in food chain 
(Rattan et al., 2005; Ma et al., 2007). Heavy metals cause the depletion of essential 
nutrients among the living organisms, which may cause the immunodeficiency 
(Turkdogan et al., 2003).  Due to their toxic effect, there is an immense need for removal 
of toxic metal ions from environment (Honjoh et al., 1997). The available physical and 
chemical methods are much expensive and applicable to a small scale only (Thompson, 
1995).  So there is a thrust for some cost effective and ecofriendly methods for 
remediation of environment from toxic metals. The best alternative is the use of plants, 
microbes and biomass for bioremediation purpose (Gardea-Torresdey et al., 1996; Miller, 
1996; Ebbs and Kochian, 1997). Many critical analyses like genotoxicity and 
bioavailability cannot be tested through chemical methods (Amaro et al., 2011).  
In living organisms, protists are a diverse group of eukaryotic microorganisms 
(Corliss and Daggett, 1983). They are the important members of community structure of 
an ecosystem with a distinct ecological role. Cryptic species are common among Protista; 
however they are quit diverse on molecular basis (Simon et al., 2008). Protozoa are 
animal like protists. 
Among protozoa, ciliates are found in almost all types of aquatic habitats 
including marine, freshwater, soil and within animal bodies (Small and Gross, 1985). 
Ciliates are thought to evolve during early Cambrian period, well before the evolution of 
other eukaryotes (Finlay et al., 2000). They are considered as grazers of bacteria and 
other microbes (Fenchel, 1987; Finlay et al., 2000) thus improving the effluents and 
increasing turnover rate (Nicolau et al., 2001).  
Ciliates lack cell wall and give a quick response to environmental changes, which 
indicates that ciliates are better pollution detectors as compared to bacteria and fungi 
(Gutierrez et al., 2003). Under copper stress ciliates ciliary movement is reduced which 
eventually stops at higher concentration (Shakoori et al., 2004). Copper has been found to 
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be more toxic than mercury, cadmium and zinc (Madoni et al., 1994). The 
bioaccumulation of these metals has been generally observed in reverse order (Gutierrez 
et al., 2011). 
Tetahymena and Paracmecium are the most famous genera of ciliates, which 
include two best studied type species, Tetrahymena thermophila and Paramecium 
tetraurelia (Eisen et al., 2006; Arnaiz and Sperling., 2011). Tetrahymena is a genus of 
small ciliates which were previously studied by the names of Leucophyres and Glaucoma 
(Furgason, 1940). Most of the Tetrahymena species are cosmopolitan in distribution. 
Tetrahymena comprise of eight ciliated membranous structures including four oral, one 
undulating and three adoral membranelles.  Macronuclei of all the members of genus 
Tetrahymena are transcriptionally active (Simon et al., 2008).  Tetrahymena show more 
close genetic resemblance to human as compared to yeast model and threre is a higher 
degree of functional similarity to the genes of human (Eisen et al., 2006). This is a valid 
point to use Tetrahymena instead of other organisms for ecotoxicological studies (Martın-
Gonzalez et al., 1999). Tetrahymena species rapidly grow in axenic medium, which 
resulted a model organism for research in physiology and biochemistry (Hill, 1972; 
Elliott, 1973). 
  1.1 Identification of Tetrahymena 
Although Tetrahymena are the best studied species among ciliates. They are 
easily differentiated from other ciliates. But, it is ambiguous to discriminate among 
species of Tetrahymena on the basis of physical and morphological characteristics (Kher 
et al., 2011; Gruchy, 1955). Tetrahymena also show phenotypic variations, while 
growing in different culture media, so a species may appear differently at different stages 
of life (Corliss, 1973; Struder- Kypke et al., 2001). A number of techniques haves been 
used to study Tetrahymena. Use of silver staining for morphological identification 
remained primary method for identification (Corliss, 1973). Mating technique has been 
an effective tool to recognize the members of a specific species (Doerder et al., 1995). 
This technique is helpful to identify the cryptic species within genus Tetrahymena as they 
are reproductively isolated (Nanney et al., 1998). However, to apply this technique on 
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any strain requires the all the sets of living stocks, furthermore, mating reactions among 
different speices make this technique laborious and impractical (Sonneborn, 1959). This 
technique also useless for amicronucleate strains of Tetrahymena which do not adopt 
sexual reproduction methodology (Nanney and McCoy, 1976). 
In addition to above mentioned techniques, several techniques of molecular 
biology, have been used to discriminate among Tetrahymena species. Initially these 
approaches included isozyme mobility and RFLP (Chantangsi et al., 2007). Later, it was 
found that several species of Tetrahymena have identical pattern of RFLPs (Jerome and 
Lynn, 1996), while in the case of isozyme mobilities, a similar polymorphisim was 
observed (Nanney et al., 1998). DNA barcoding is much popular among the scientists as 
it does not require any expertise in taxonomy (Quintela-Alonso et al., 2013). Nucleotide 
sequences of histone and SS rRNA gene are used to discriminate among different species 
of Tetrahymena. But there are several species which have identical SS rRNA gene 
(Jerome and Lynn, 1996; Struder-Kypke et al., 2001).  So, SS rRNA subunit is consider 
as too conserved for species identification (Boenigk et al., 2012).  
Comparison of cytochrome c oxidase subunit 1 (COX1) nucleotide sequence is an 
effective approach to identify different species of invertebrates (Folmer et al., 1994). 
Using COX1 as DNA barcode has proven very successful to identify the reproductively 
isolated species of Tetrahymena (Lynn and Struder kypke, 2006).  About 980bp fragment 
of COX1 was analyzed for different species of Tetrahymena. The nucleotide sequence of 
14 isolates of T. thermophila showed less than 1% sequence divergence while 
interspecific distance was upto 12% (Lynn and Struder kypke, 2006). Similar results were 
obtained for different cultures of T. lwoffi, T. borealis and T. patula, suggesting that 
sequence divergence of  <1% might be used to identify different isolates of a species, 
while a divergence higher than this threshold particularly near to 10% is appropriate to 
use for discrimination among different species (Chantangsi et al., 2007) and to identify 
new species. 
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1.2 Phylogenetic relationships of Tetrahymena 
Phylum Ciliophora have been classified on the basis of morphological, 
behavioural and physiological data collected from 1880 to 1980 (Corliss, 1979). 
Phylogenetic relationships within genus Tetrahymena have been based on morphological 
and ecological studies (Struder-kypke et al., 2001; Ye and Romero, 2002), which led to 
the establishment of three complexes (corliss, 1970) i.e., rostrata, patula and pyriformis 
(Chantangsi and Lynn, 2008). Initially presence or absence of caudal cilia was important 
character for Tetrahymena (Czapik, 1968).  Members of rostrata are parasites of animals, 
they have relatively large cell size and form resting cyst (corliss, 1970). In contrast, the 
members of patula complex are not parasite and they only form reproductive cyst 
(Chantangsi and Lynn, 2008). However, the, members of pyriformis complex are small 
cells, bacterivorous species with fewer ciliary rows (Corliss, 1970; Nanney et al., 1989; 
Preparata et al., 1989; Struder-Kypke et al., 2001). Moreover, Corliss (1972) has 
attempted to classify Tetrahymena on the basis of degree of parasitism, while considering 
free living species (T. pyriformis) as an ancestral species, by in lining their lineage from 
facultative parasite to the obligate parasitic species. Molecular techniques prevail to 
confirm previously established morphology based phylogenetic relationships (Sibley and 
Ahlquist, 1983). DNA-DNA hybridization was one of the earliest molecular techniques 
used to determine phylogenetic relationships among species, however this technique was 
not useful for a low fraction of DNA (Allen and Li, 1974). Mating pattern and isozyme 
mobility are useful for species identification but they have a little role in phylogenetic 
analysis (Brunk et al., 1990).  
Nanney et al. (1989) arranged different species of Tetrahymena into nine groups 
called ribotypes, based on the variations among rRNAs genes (5S, 5.8S, large subunit 
rRNA). Their phylogenetic analysis shows that either the ancestors of Tetrahymena are 
paraphyletic or polymorphic species (Nanney et al., 1989). Few ribosomal genes (5S and 
5.8S) are small and conserved, which are unable to explain the phylogenetic relationships 
in many cases (Van Bell, 1986). The small subunit ribosomal RNA (SS rRNA) gene has 
enough variations to establish a stable topology among Tetrahymena species (Sogin et 
al., 1986). The SS rRNA,5.8S rRNA and internal transcribed spacer of parasitic ciliates 
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of frogs, millipedes and cockroaches showed a monophyletic origin (Van Hoek et al., 
1998). In addition to SS rRNA, long ribosomal genes are conserved and show similarity 
among species (Sogin et al., 1986). Analysis of specific regions of H3II/H4II is very 
useful to elaborate the phylogenetic relationships within genus Tetrahymena (Brunk and 
Sadler, 1990). On the basis of available molecular data on histones (Sadler and Brunk, 
1992), SS rRNA (Struder-Kypke et al., 2001) and telomerase RNA (Ye and Romero, 
2002); different species of Tetrahymena were arranged into two major groups i.e., 
Australis and Borealis (Struder-Kypke et al., 2001).  
Fig.1.1 represents the phylogenetic tree based on nearly complete sequence of SS rRNA 
gene sequence. This clearly supports the previously established 9 ribosets and the 
australis and borealis groups. Although rRNAs have been found effective to determine 
the phylogenetic relationships among Tetrahymena but being highly conserved they are 
not enough to arrange closely related species (Sogin et al., 1986; Jerome and Lynn, 1996; 
Chantangsi and Lynn, 2008). So, for the phylogenetic analysis, there is a need of some 
sequence  which is variable enough but not up to the extant where homologues are 
difficult to arrange (Pace et al., 1989).   
Mitochondrial genome is known to evolve at higher rate (5-10 times) as compare 
to the nuclear genome (Brown et al., 1979; Morin and Cech, 1988). Scientists have used 
mitochondrial genome analysis to establish evolutionary relationships among the closely 
related species (Folmer et al., 1994). Hebert et al (2003) suggested the use of a 650bp 
long fragment of COX 1 as universal barcode. The conserve regions of COX1 facilitate 
PCR amplification through universal primers for that group (Folmer et al., 1994),  while 
the variable domains are useful in discriminating species and establishing phylogenetic 
relationships among Tetrahymena (Lynn and Struder-Kypke, 2006; Chantangsi et al., 
2007; Chantangsi and Lynn, 2008). Use of COX1 as DNA barcode has a number of 
advantages; being present in all eukaryotes, have more variations than other genes of  
mitochondria like12S RNA, tRNA (Kumazawa and Nishida, 1993; Janczewski et al., 
1995), easily amplified and subjected to less insertions and deletions (Hebert et al., 
2003). Fig. 1.2 shows the phylogenetic tree based on COX 1 as DNA barcode. This has 
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supported the previously established 9 ribosets, however some deviations do occur which 
resulted in well supported 12 groups called coxisets (Chantangsi and Lynn, 2008). 
 
 
Fig. 1.1.  Phylogenetic tree of Tetrahymena on the basis of nucleotide sequence of SS rRNA gene. This 
phylogram confirms the previously established australis and borealis groups.  This cladogram 
clearly defined the nine ribosets proposed by Nanney et al., (1989). Genus Tetrahymena appear 
to be monophyletic in origin (Chantangsi and Lynn, 2008). 
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Fig. 1.2. Phylogentic analysis of Tetrahymena  using COX1 gene nucleotide sequence. Phylogenetic tree resulted in 12 
coxisets which are slightly different from previously established ribosets (Chantangsi and Lynn, 2008).  
 
1.3 Heavy metals resistance  
Ciliates like other organisms have developed certain mechanisms to cope with the 
higher concentrations of metal ions and maintain their physiological activities (Boldrin et 
al., 2002). In heavy metal contaminated water, ciliates show a reduced growth, however a 
remarkable metal uptake is observed. Usually they show multiple heavy metal uptake 
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capability (Rehman et al., 2009). Ciliates can survive longer time in highly polluted 
water, indicating that they have developed some strategies detoxify or overcome the toxic 
effect of heavy metals (Shakoori et al., 2004; Rehman et al.,2007). Ciliates have ability 
to remove up to 98% of the heavy metal ions from wastewater (Rehman et al., 2008). 
This property of metal uptake and long term survival shows an opportunity for their use 
in bioremediation of heavy metals (Shakoori et al., 2004).  
Mechanism of metal resistance has not been fully explored in ciliate protozoans 
(Martin-Gonzalez et al., 2006). In all eukaryotes including ciliates mainly resistant 
mechanisms involve; biosorption, bioaccumulation and biotransformation (Darnall et al., 
1986; Beveridge et al., 1997; Viera and Volesky, 2000). In ciliates active transport might 
be another mechanism for metal resistance (Gutierrez et al., 2011). Bioaccumulation is 
the mostly studied mechanism among ciliates (Gutierrez et al., 2011). Bioaccumulation is 
the binding of metal ions with specific cytoplasmic proteins, biosorption is binding of 
metal ions with the external surface of cell and biotransformation, in the form of 
biomethylation and biovolatilization is the conversion of toxic form into less toxic or 
volatile form (Greene et al., 1987; vasak and Hasler, 2000; Yin et al., 2011). 
Bioaccumulation is an important tool of resistance against heavy metal ions in eukaryotes 
(Martin-Gonzalez et al., 2006). However, bioaccumulation will result in cell death due to 
higher metal concentration (Shakoori et al., 2004).  
1.4 Metallothionein 
In animals and protists bioaccumulation of heavy metals is based on two group of 
small proteins namely glutathione and metallothionein (Binz and kagi, 1999). 
Metallothioniens (MTs) are cysteine rich heterogeneous family of peptides involved in 
metal homeostasis and metal detoxification by forming metal-thiolate complex (Boldrin 
et al., 2002; Ramesh et al., 2009; Capdevila and Atrian, 2011). They were first isolated 
from cortical portion of horse kidney in 1957. They have been reported in all eukaryotes 
and cyanobacteria (Robinson et al., 2001). Metallothionein are also known as 
antioxidants, protective against; oxidative stress, DNA damage, angiogenesis and 
apoptosis (Minoru et al., 2009). They bind with metal ions, resulting in a metalloprotein 
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complex which is accumulated into vacuole and later released as metallic complex (Diaz 
et al., 2006).  Metal bioaccumulation has also been confirmed by TEM and fluorescence 
microscopy (Martın-Gonzalez et al., 2005; Martın-Gonzalez et al., 2006). 
1.4.1 Classification of metallothionein in Tetrahymena 
At present metallothionein are either classified on the basis of their taxonomic 
clustering or by keeping in their metallic preferences (Capdevila and Atrian, 2011). On 
structural basis metallothionein are broadly divided into two major and two minor 
isoforms.  MT-1 and MT2 are the major while MT3 and MT4  are minor isoforms 
(Thirumoorthy et al., 2011). A putative metallothionein isoform MT5 have also been 
found in the genome of Tetrahymena thermophila which resembles to MT1 (Eisen et al., 
2006).  
Binz and Kagi (1999), on the basis of phylogenetic relationships designated 
metallothioneins as superfamily and divided into 15 families representing different 
groups of organisms (http://www.bioc.uzh.ch/mtpage/classif.html). Ciliates 
metallothionein belong to family 7 which are broadly divided into subfamilies 7a and 7b. 
There is a little sequence homology between two groups and the division is on the basis 
of metal bin ding (Diaz et al., 2007).  Subfamily 7a include cadmium/Zinc binding ciliate 
metallothioneins (CdMT) while subfamily 7b include copper binding metallothioneins 
(CuMT) (Gutierrez et al., 2009). Both subfamilies have a little sequence homology. Fig. 
1.3 shows the phylogenetic relationships of copper and cadmium metallothionein of 
different species of Tetrahymena. Most of the MT-1 members are cadmium induced 
while MT-2 are copper induced metallothionein. All MT-3 and MT-5 are cadmium 
metallothioneins while MT-4 are exclusively copper metallothineins (Chaudhry and 
Shakoori, 2010). Normally an individual has more than one isoform, encoded by separate 
genes. These isoforms have a varying expression level in different cells and differently 
induced (Miles et al., 2000). 
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Fig. 1.3.  Phylogenetic analysis of Tetrahyemna  metallothionein. All CdMT belong to subfamily 7a while 
CuMT belong to subfamily 7b. the two groups present in subfamily 7b are on the basis of size of 
proeteins. Group 1 has <100 residues while Group 2 has >100 peptide residues (Chaudhry and 
shakoori, 2010). 
In another classification system metallothioenin are classified into three classes 
MT-i represents mammalian metallothioneins and they have a similarity to horse liver 
MT, MT-ii represents the metallothioneins not related to mammalian metallothioneins 
whereas MT-iii consist of peptides which are not genetically encoded and formed by 
glutathione polymerization (Maret, 2009; Capdevila and Atrian, 2011). But in this 
classification system MT-ii was just a ragbag contain totally irrelevant proteins. 
T. thermophila MTT1 (MTT1) and MT-2 (MTT2) were made complex with 
cadmium (Cd
2+
). It was found that Cu
2+
 cannot replace Cd
2+
 from Cd16-TthMTT1 
complex, while Cd
2+
 is easily replaced from Cd11-TtheMTT2. This clearly indicates the 
relation of TthMTT1 with subfamily 7a (CdMT) and TthMTT2 with subfamily 7b 
(CuMT) (Amaro et al., 2008). In T. thermophila, MT-1 (MTT1) and MT-2 (MTT2) were 
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made complex with cadmium (Cd
2+
). Later, it was found that  Cu
2+
 cannot replace Cd
2+
 
form Cd16-TthMTT1, complex whereas Cd-MTT2 complex was easily converted into 
Cu-MTT2 complex, suggesting that MT1 is mainly cadmium metallothionein (CdMT) 
while MT-2 is a mainly copper metallothionein (CuMT) (Wang et al., 2011a). All the 
five isoforms of metallothionein have been reported in Tetrahymena thermophila, mainly 
MTT1, MTT3 and MTT5 are cadmium binding metallothioneins whereas MTT2 and 
MTT4 are copper metallothioneins (Diaz et al., 2007).  
1.4.2  Functions of metallothioneins 
Metallothioneins are considered as multifunctional proteins with several unknown 
functions (Diaz et al., 2007). Some of the known functions of metallothioneins include 
homeostasis of essential metals, sequestration of heavy metal ions, chelating with 
reactive oxidative species and protection against xenobiotics (Cousins, 1985; Liu and 
Klaassen, 1996; Viarengo et al., 2000; Klaassen and Liu, 1998). In mammals they are 
known to be protective during development, differentiation and against neurodegenrative 
disorders (Penkowa et al., 2000; Vidal and Hidalgo, 1993). The basic function of 
metallothionein is metal homeostasis, other functions may be evolutionary adaptations to 
make them broad spectrum (Kagi, and Nordberg, 1979). Metallothioneins have greatest 
binding capacity with Cu followed by Cd and then Zn (Kagi and Kojima, 1987). The 
mechanism by which metal ions react with apometallothionein and help it in native and 
functional form is still under question (Gui et al., 1996). Coordination of Cu(I) with 
metallothionein directs the polypeptide to wrap around the metal ion and form diagonal 
and  trigonal geometery in mammals. Fig. 1.4 explains that thiol group acts as a ligand 
for metal ions to form the clusters of metal thiolate which are involve in terminal 
coordination (Stillman, 1995; Fowle and Stilman, 1997). 
Heavy metals sequestering capability of metallothioneins is by the virtue of their 
cysteine residues which form metal thiolate complex to engage metal ions (Henkel and 
Krebs, 2004).  All cysteine residues of a vertebrate metallothionein are consider to be 
involve in metal interaction. Likewise, ciliate metallothionein capacity to bind with the 
metal ions can be calculated. Metal ion versus cysteine ratio is 7:20(Cd7Cys20) in case of 
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CdMT and 12:20 (Cu12Cys20) in case of CuMT. This illustration can be experimentally 
used to find the amount of ions binding with one mole of ions. e.g., 11Cd
+
 ions bind with 
each polypeptide of TpyrMT-1 (Domenech et al., 2008; Wang et al., 2011b). 
 
Fig.1.4. Trigonal coordination complex of Cu(I) by mammalian metallothionein.  Green 
colour shows the monovalent metal cations while yellown colour indicate the 
cysteine residues with in polypeptide of metallothionein (Presta et al., 1997).  
 
Reaction between metal ions and metallothionein is complex one and it requires a 
series of reactions before reaching a thermodynamically stable stage. The folding 
mechanism of metallothionein tells us about the rate of metal ions binding (Chan et al., 
2002). 
1.4.3 Characterization of metallothionein genes 
Most metallothionein genes were isolated from the induced cultures as mRNA 
molecules. Metallothioneins are without any introns which are in consistent with the 
principle that genes with rapidly changing expression level have lower intron number. 
Presence of intron can delay regulatory responses (Jeffares et al., 2008).  Ciliate 
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metallothioneins are quite larger than vertebrate metallothioneins so with higher 
molecular weight (Gutierrez et al., 2011).   
Metallothionein encoding gene has a metal response element (MRE) in its 
promoter which induces gene expression in the presence of metal (stuart et al., 1985) but 
they are also essential for expression of metallothionein even in the absence of metallic 
stress (Samson and Gedamu, 1998). The metal response factor 1 essential for basal 
expression and metal induction of metallohtionein binds with the MREs (Heuchel et al., 
1995). Some other regulatory sequences like glucocorticoid response element (GRE) and 
antioxidant response elements are also there to control gene expression (Arizono et al., 
1993; Kelly et al., 1997).   In Tetrahymena, an in silico analysis shows the presence of 
conserved motifs in the promoter sequence of metallothionein gene.  These motifs are 
supposed to have their role in gene expression (Gutierrez et al., 2011). 
Metallothioneins are stable enough and hydrophilic proteins (Blindauer, 2008) 
which indicate their cytoplasmic location. Metallothioneins are in short of aromatic 
amino acids. This facilitates the detailed optical spectroscopic studies to observe metal 
charge transfer transition using circular dichroism, electron absorption and emission 
(Stillman et al., 1995; Vasak and Bogumil, 1997). These spectroscopic studies are very 
helpful to characterize the metal bound metallohtionein as metallated metallothionein 
behave differently than apometallothionein due to its characteristic coordination 
geometry (Vallee, 1979).  
Histidine residue is very infrequent in metallothionein polypeptide chain. 
Positively charged amino acids Arg and Lys also have an asymmetry in metallothioneins 
(Gutierrez et al., 2011).  
Cysteine residues are arranged in the form of clusters within primary structure of 
metallothionein. In mammals, metallothioneins contain 20 highly conserved cysteine 
residues arranged in α and β domains (Winge and Miklossy, 1982). This clustering is 
more pronounced in Subfamily 7a (CdMT) where cysteine residues commonly form 
CXC and XCCX pattern while some uncommon clusters are CCC, CXCC and CXCXC; 
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unclustered cysteine residues have also been reported. In case of metallothioninen 
subfamily 7b (CuMT), only typical metallothionein clusters i.e., CXC are commonly 
observed (Gutierrez et al., 2011) and consecutive cysteine are virtually absent. 
Member of subfamily 7a are structurally divided into segments or modules. Each 
module has a conserved CXCCK motif at C-terminus. These modules are joined to each 
other through a short chain of 2-9 amino acids called “linker” (Gutierrez et al., 2011).  
On this basis,  MT-1 of T. pyriformis, T. pigmentosa, T. hegwicki, T. rostrata and MT-5 
of T. thermophila are bimodular, while MT-1 of T. thermophila, T. tropicalis, T. mobilis 
and MT-3 of T. thermophila are trimodular proteins (Amaro et al., 2008).  Subfamily 7b 
(CuMT) do not have such clear motifs like subfamily 7a but have CKCX2-5CXC repeats 
(Amaro et al., 2008).  Second structural difference between both families of Tetrahymena 
metallothioneins is existence of lysine residue in adjacent to cysteine in subfamily 7b 
while in case of subfamily 7a lysine adjacent to cysteine is scarce. Neighborhood of 
lysine reduces the reactivity of cysteine residues and decreases the pKa value (Trinchella 
et al., 2008). Up till now Tetrahyemna copper metallothionein has been reported from T. 
thermophila (Boldrin et al., 2002), T. pigmentosa (Boldrin et al., 2002), T. pyriformis (Fu 
and Miao, 2006; Santovito et al., 2007), T. rostrata (Amaro et al., 2008) and T. tropicalis 
(Chaudhry and Shakoori, 2010).  
The rate of degradation of metallothionein depends on the metal ions type 
bonded. In liver a half-life of CdMT has been recorded about 80hrs while in case on 
CuMT it is 17hrs (Richards, 1989). Phylogenentic tree constructed on the basis of 
Poisson‟s distance concluded that both cadmium and copper metallohtioneins are clearly 
separated from each other however they have a close homology within subclasses 
(Santovito et al., 2007).   
1.4.4 Expression of metallothionein 
Metallothionein induction occurs by a number of factors like metal ions, stress 
hormones and cytokines (Bremner, 1991; Kagi, 1993). Zn and Cu are regarded as the 
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primary physiological inducers. At low level Cu bind with MT, but do not induce their 
expression (Munger et al., 1985; Bremner, 1991).  
Metallothioneins have a dynamic tertiary structure and there is a rapid exchange 
of ions in β domain as compare to α domain (Kagi and Kojima, 1987). Expression of 
MT1 and MT2 is mainly induced by reactive oxidative species (ROS), cytokines and 
metal ions including Cu, Cd, Hg, and Zn (Oliver and Eva, 2009). Different chemicals 
involve in the formation of free radicals are also known to induce metallothionein 
expression (Bauman et al., 1991). Mitochondria are also involved in the production of 
reactive oxidative species (ROS) which induce the metallothionein synthesis (Kondoh et 
al., 2001).  
Copper and cadmium induction up to the concentration of 630µM and 45µM 
respectively induce metallothionein expression but do not affect growth of Tetrahymena 
(Piccinni, 1995, Santovito et al., 2001). In T. pigmintosa the cotreatment of copper and 
cadmium induced a synergistic effect on the expression of both MTT1 and MTT2. 
However expression of cadmium metallohtionein (MTT1) is much higher as compared to 
copper metallothionein (MTT2) (Boldrin et al., 2002). Expression of CuMT and CdMT 
at transcription level. Expression of copper metallothionein (MT-2) is maximum after 
2hrs at 472µM Cu
2+
, however in synergism with 36µM Cd
2+
, maximum expression was 
observed after 1hr. The differential expression of MT-1 and MT-2 against different 
metals shows they have different biological role in metal homeostasis (Boldrin et al., 
2002). 
 
Although Tetrahymena metallothioneins have multistress character but they 
respond in a differential manner to different elements (Coyle et al., 2002). MTT-5 
expression is induced with all three species of metal ions but maximum gene expression 
was obtained in the presence of cadmium (Santovito et al., 2007). Similarly a cadmium 
metallothionein gene (MT-1) from T. pigmentosa showed induction against five heavy 
metals and expression level decreased with the sequence of Hg, Pb, Cd, Cu, and Zn (Guo 
et al., 2008).  
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Although it has been established that the expression of metallothionein is 
controlled at transcriptional level, but it is observed that sometimes there is lack of this 
relationship indicating that metallothionein expression is also regulated at translational 
level (Boldrin et al., 2002). 
Aims and objectives of present study include: 
• Isolation and characterization of metal resistant ciliate from industrial wastewater. 
• Determining the copper uptake ability of isolated ciliate (Tetrahymena 
farahensis).  
• Molecular characterization of copper resistant gene (copper metallothionein) of T. 
farahensis. 
• Cloning and Expression of copper metallothionein of T. farahensis gene in E. 
coli. 
• Real Time PCR of T. farahensis copper metallothionein gene to confirm its 
copper inducible nature. 
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Protozoa are mainly the free living protists, accounting about 40,000 different 
species distributed into16 phyla (Finlay and Esteban, 1998; Mora et al., 2011). Among 
protozoa, ciliates are dominant in sediments and in benthic fauna they make up to 10% of 
invertebrate biomass (Finlay and Esteban, 1998). They play a critical role in the aquatic 
environment and food chain (Fenchel, 1987). About 4,500 species belong to ciliated 
protozoa. Molecular studies show that this number may increase up to 27,000 to 40,000 
(Foissner et al., 2009). 
Tetrahyemna aquasubterranea, a new species of genus Tetrahymena was 
discovered from ten meter deep ground water. Morphological characterisitcs were 
observed using light and electron microscopy. The molecular analysis on the basis of 
COX1 showed a nucleotide variation of 9.2% to its closest relative T. farlyi. However the 
sequence of SS rRNA gene and large subunit ribosomal RNA gene were not significantly 
different to conclude some phylogenetic differences from the other reported species 
(Quintela-Alonso et al., 2013). 
A parasitic species of Tetrahymena was isolated from guppies imported from 
Singapore. These parasitic ciliates were present around the periorbital region of eye, 
around the internal organs and in the developing embryo of fish. The cytological studies 
indicate that this species is the member of pyriformis complex with a micronucleus and 
macronucleus (Leibowitz and Zilberg, 2009). 
Biogeographical studies of T. pyriformis showed that it was cosmopolitan 
whereas T. thermophila was mainly restricted to North America. Furthermore, it seemed 
that asexual species arose from sexual ones possible by virtue of nuclear dimorphism. 
Cryptic species might have a different ecological role (Simon et al., 2008).     
Tetrahyemena RT-1 was isolated from local industrial wastewater. The organisms 
showed an optimum growth in Bold-basal salt medium as compare to LB medium and 
wheat and rice medium. Organisms showed a stressed growth at 20µg/ml of Cu
2+
 but 
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they were able to remove 74% of copper from the medium within 96 hours (Chaudhry 
and Shakoori, 2011). About 1.8kb long SS rRNA gene was sequenced and analysis 
showed its close homology with T. mobilis and T. tropicalis multiple sequence alignment 
resulted in identification of two more variable regions i.e., 484nt to 756nt and 1325 to 
1672nt (Chaudhry and Shakoori, 2011). 
Different fixatives and modified experimental protocols were used for optimum 
preservation of Tetrahymena for identification and enumeration purpose. Bouin‟s 
solution prove to be the best fixative. AgNO3 impregnation method and Protargol stain 
techniques were modified and used successfully in combination with fluorescent in situ 
hybridization (Fried et al., 2002). 
2.1 Phylogenetic relationships among different species of Tetrahymena 
On the basis of variations in rRNAs genes (5S, 5.8S, large subunit rRNA), 
different species of Tetrahymena were arranged into nine groups called ribotypes.  Their 
phylogenetic analysis shows that either the ancestors of Tetrahymena are paraphyletic 
survivors or they may be polymorphic species (Nanney et al., 1989). 
A comparative study on the basis of sequence difference of D2 domain of 23S 
rRNA was performed for 144 different strains from three groups of ciliates. All the 
ciliates have a great diversity at molecular level. Tetrahymena paravorax is the most 
distant from other tetrahymenids (Nanney et al., 1998) 
Telomerase RNA gene (approx. 160nt) from four species of Tetrahymena was 
isolated by northern blotting of total RNA. These four sequences were aligned with 
already reported 13 sequences. The functional templates and domains are conserved in all 
17 species. Sequenced fragments show 60% to 95% similarity with majority lower than 
80% indicating that TERs have relatively higher divergence rate (Ye and Romero, 2002).  
COX 1 of fourteen isolates of Tetrahymena thermophila belonging to seven 
mating types were used to identify their species. A 980nt fragment of the COX 1 gene 
was amplified. Twelve out of fourteen strains have identical nucleotide sequences, while 
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two strains have sequence divergence which was less than 1%. The strains with identical 
COX 1 were isolated from same geographical location. Moreover all isolates have same 
nucleotide sequence of putative protein. This indicate a lower divergence in COX 1 
sequence within the same species however interspecific divergence was up to 12% within 
genus Tetrahymena (Lynn and Struder-kypke, 2006). 
Similar results were obtained for different isolates of T.lwoffi, T. borealis and T. 
patula suggesting that sequence divergence of  <1% might be used to identify different 
isolates of a species while a divergence higher than this threshold particularly near to 
10% can be used for discrimination among different species (Chantangsi et al., 2007). 
Mitochondrial genome of tetrahyemena has only 55 genes, out of which three are 
rRNA genes, eight are tRNA genes and twenty two genes encode proteins with known 
functions while 22 are ORF with unknown functions. T. thermophila mitochondrial 
genome was sequenced and compared with that of T. pyriformis. Both species have 
essentially same gene contents and genes order with few exceptions. Most of the 
intergenic fragments are very short (Brunk et al., 2003).     
To establish the phylogenetic relationships among Tetrahyemna 42 species of 
genus Tetrahymena and 3 other tetrahymenin ciliates were analyzed for their nucleotide 
sequence of COX 1 and SS rRNA genes. All the 42 species of Tetrahymena showed a 
monophyletic in a tree constructed on the basis of nucleotide sequence of full length 
COX1 gene using maximum likelihood (ML) and Bayesian (MB) approaches. Twelve 
groups called as cytochrome c oxidase sets (coxisets) were formed which correspond to 
the ribosets. The phylogenetic trees constructed on the basis of SS rRNA gene using four 
different methods showed the existence of borealis and australis clades. Previously 
reported nine ribosets were also recovered but not well supported by strong values 
(Chantangsi and Lynn, 2008).  
 SS rRNA gene sequence of 20 different species of Tetrahymena was 
analyzed. All species differ at 69 positions and these positions are located in 9 variable 
regions (V1-V9) with majority present in V2 and V4 regions.  T. mobolis share identical 
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sequence to that of T. furgasoni and T. tropicalis while T. setosa and T. pyriformis are 
identical on the basis of SS rRNA nucleotide sequence. Phylogenetic analysis on the 
basis of SS rRNA gene sequence showed the presence of two groups i.e., australis and 
borealis with low genetic variability between the members of each group. The 
histophagous species share identity to the bacteriovore species which shows a pattern of 
parallel evolution among themselves (Struder-Kypke et al., 2001).  
Twenty one ciliate species were sequenced for their mitochondrial small subunit 
ribosomal DNA (SS rDNA). This gene varies in its length from 894nt (Chilodonella 
uncinata) to 1152nt (Colpoda magna) among different ciliates. This analysis throws a 
light to reconstruct the deep nodes within ciliates life tree with an approach from single 
locus to multiple locus (Dunthorna et al., 2011). 
Portions of Histone H3II/H4II with their intergenic region were amplified for 29 
species belonging to T.pyriformis complex. The amplified region range in size from 
521nt to 563nt was amplified and their aligned sequences were 579bp long. The distance 
matrix showed substitution per nucleotide at different position between 0 to 0.451. 
However if we consider non coding region only, the substitution value is quite high 
reaching up to 0.868 per site. The large number of deletions and insertions in the 
intergenic regions indicate it as a highly evolving region as compared to the coding genes 
(Sadler and Brunk, 1992).  
A 689bp fragment of mitochondrial COX 1 was amplified for 75 isolates of genus 
Tetrahymena. Multiple sequence alignment showed 10.47±0.74 (%) interspecific 
sequence divergence while in case of intraspecific divergence this was less than 1% with 
the exception of few probably due to presence of cryptic species within those complexes. 
While in case of SS rRNA gene the interspecific mean divergence was 1.39±0.15 (%).  
Overall presence of less than1% intraspecific divergence, indicate a recommendation for 
the use of COX 1 for barcoding Tetrahymena species and identification of new isolates 
(Chantangsi et al., 2007). 
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Intraspecific sequencing divergence for COX1 of 12 species of Tetrahymena was 
calculated using K2P model. Results showed that for most of species, intraspecific 
divergence value is <1%. However in some case it is slightly higher while others were 
either misidentified or needed further studies. Moreover, 51 unidentified species were 
studied for identification using COX1 barcode (Kher et al., 2011). 
2.2 Heavy metal toxicity 
Very low concentration of heavy metals contamination in the aquatic environment 
is also toxic to microorganisms (Fernandes-Leborans and Novillo, 1996). This toxicity 
varies with type and concentration of metal (Irato and Piccinni, 1996). Heavy metals 
block enzyme activity of microorganisms and affect other metabolites (Morgan and 
Lackey, 1958). 
Toxicity of five heavy metals i.e., Pb, Cr, Zn, Cu and Cd in activated sludge was 
studied against protozoan community. Trochilia minuta and Chilodonella 
uncinata showed the maximum sensitivity while Opercularia minima and Opercularia 
coarctata were most resistant against metal stress.  Cd and Cu appeared to be most toxic 
while Cr proved to be least toxic (Madoni et al., 1996). 
Effect of CuO and ZnO nanoparticles was observed on the T. thermophila. Nano-
CuO is about 20 times more toxic as compared to bulk CuO. The bioavailable copper in 
case of nanoparticles is higher than bulk. Moreover, a decrease in number and size of 
cells was observed after 24hrs; probably due to deficiency of nutrients (Mortimer et al., 
2010).  
Cells of Stylonychia mytilus were grown in the presence of different heavy metals 
including copper. Growth growth rate was reduced to half after 8
th
 day. The organisms 
showed 80% of copper uptake from the medium up to 96hrs which highlights their role in 
the bioremediation of polluted environment (Rehman et al., 2008).  
Three strains of ciliates i.e., Euplotes sp. (BQ3), Uronema nigricans (BQ2) and 
Drepanomonas revolute (BQ1) were isolated from wastewater treatment plant. Cytotoxic 
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studies of Cd, Zn and Cu showed that Cd is more toxic to first two isolates while D. 
revolute  has higher sensitivity to copper as compared to cadmium. Metal exposure to 
ciliates induces some behavioral and structural changes. The organisms turn slow and 
multivacuolated and grow relatively bigger in size in case of Cd and Zn while smaller in 
case of Cu. Cu treatment also induced bluish black coloration with many small dark 
granules in the cytoplasm (Martin-Gonzalez et al., 2006). 
The cytotoxicity of seventeen xenobiotics and four metals was studied in 
comparison on human HepG2 cell lines and Tetrahymena pyriformis. T. pyriformis was 
20 times more sensitive than first one (Rudzok et al., 2011). 
2.3 Metallothionein 
Metallothioen is a superfamily of low molecular weight, cysteine rich, cytosolic 
proteins. They have been reported throughout the animal kingdom. Metallothioneins 
considered as multifunctional with their main role to quench the reactive oxidative 
species (ROS) generated during metallic and other environmental stresses (Gutierrez et 
al., 2009).    
T. pigmentosa and T. pyriformis grown in the presence of cadmium. Two 
isoforms of cadmium metallothioneins were purified from each strain using column 
chromatography and HPLC. Mass spectroscopic results showed that isoform1 has a 
molecular mass of 10.85kDa with 105 amino acids while isoform 2 is of 10.722kDa with 
104 amino acids. Both species of Tetrahymena contain identical cadmium 
metallothionein (Piccinni et al., 1994).  
A novel gene of copper metallothionein having 96 amino acids was amplified 
from T.pigmentosa. The gene was amplified from mRNA using degenerate primers on 
the basis of peptide sequencing. Complete mRNA of 507bp long was amplified using 
RACE. It contains 291pb coding region while 84bp upstream and 132bp downstream 
noncoding region. Out of 28 cysteine residues of the peptide sequence, 24 are arranged as 
12 Cys-X-Cys blocks, 2 as cys-x-y-cys and remaing 2 are as -cys-cys- context (santovito et 
al., 2001). 
Review of Literature 
24 
 
Protective role of metallothioneins against heavy metal was studied using rabbits 
as animal model.  For this, homozygous metallothioniens knocked out mice and wild type 
mice were used. LD50 results showed that in comparison to wild type mice, MT-null mice 
were about 6.9 times more sensitive to Cd, 2.4 times to Zn, 1.4 times to copper and As. 
However, both groups were equally sensitive to Pb and Fe (Park et al., 2001).   
A putative MT was isolated from Cd induced T. thermophila. SDS-PAGE of 
Cadmium induced T. thermophila showed a band with higher intensity band at 23.6kDa 
and a second band with lower intensity at 15.6kDa. The extracted protein was subjected 
to  gel chromatography and ions exchange chromatography which resulted in a 
unique band at 23.6kDa. MALDI-TOFF MS analysis confirmed the purified protein with 
molecular mass 18.58kDa. Acidification of purified proteins shifted the peak to 
16.763kDa indicating the release of Cd ions at low pH. Edman degradation analysis 
showed the cleavage of two N-terminal amino acids during post translational 
modifications (Donderoa et al., 2004). 
A new metal resistant gene has been isolated from Tetrahymena pyriformis which 
is induced by multiple metals (Cd, Cu, Hg and Zn). This isolated Tp-MT-2 is quite 
different from already reported Tp-MT1. The gene contains 54/181cysteine residues 
forming seven cys-cys, six cys-cys-cys, four cys-X-cys, four cys-X-cys-cys and one cys-
X-Y-cys motifs, form. Cysteine cluster are arranged like a typical cadmium 
metallothionein gene. Time course expression of Tp-MT1 under cadmium induction 
showed 269 folds higher mRNA level after 1hr while in case of Tp-MT2 this was only 50 
folds (Fu and Miao, 2006). 
Multiple sequence alignment of between different types of already known 
tatrahymena metallothionein was performed. Metallothionein appeared in two groups 
which can be distinguished on the basis of metallothionein clustering. On the basis of 
phylogenetic analysis we divided Tetrahymena metallothioenins family 7 two subfamilies 
namely 7a and 7b. Members of subfamily 7a include MTT1, MTT3, MTT5 of T. 
thermophile and MT-1, MT-2 of T. pyriformis while subfamily 7b include MTT2, MTT4 
of T. thermophila and MT-2 of T. pigmentosa. Members of subfamily 7a consist of well 
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defined modules with CXCCK motifs at their C-terminal while subfamily 7b is devoid of 
such modules (Diaz et al., 2007).  
A new cadmium metallothionein gene was identified from Tetrahymena tropicalis 
lahoriensis. It showed 78% homology with already reported Tetrahymena thermophila 
cadmium metallohtionein.  The gene contains three cys-cys-cys-X6-cys-cys-X6-cys-cys-
cys-X6-cys-cys and two cys-cys-X6-cys-X-cys-X2-sys-X-cys-cys repeats (Shuja and 
shakoori, 2007). 
A novel isoform of cadmium metallothionein (MT-1) was amplified from 
Tetrahymena pigmentosa. According to the criterion this metallothionein can also be 
divided into two similar regions. The two portions contain a similar sequencing pattern. 
The gene showed a differential mRNA expression against cadmium, copper and Zinc in a 
descending manner respectively (Guo et al., 2008). 
Degenerate primers were used to amplify the novel MTT-2 along with its strong 
copper inducible promoter from Tetrahymena thermophila. The gene contains 32 
cysteine residues out of 108 amino acids. The virtually consists of two halves with 38.2% 
homology. Alignment of the gene product with T. pigmenotsa MTT2 showed existence of 
conserve pattern (Boldrin et al., 2008).  
A 612bp long cadmium metalohtionein (PMCd1) was first time isolated from 
Paramecium. Like all metallothionein genes, it is intronless. This gene contains 37 
cysteine residues which are arranged in each of x-cys-x, x-cys-cys-x and 17 x-cys-x-y-
cys-x motifs (Shuja and Shakoori, 2009). 
Chaudhry and Shakoori (2010) isolated copper inducible TtlCuMT1 and 
TtlCuMT2 from a locally isolated T.tropicalis lahorensis strain. TtlCuMT1 contain 28 
cysteine residues out of 100 amino acids while TtlCuMT2 has 32 cysteine residues out of 
108 amino acids. Both  gene contain conserve pattern cysteine metallohtioneins and 
intragenic CXCXXCXCXXCXC repeats. 
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2.4 Expression 
Expression of two metallothionein genes identified in Tetrahymena pigmentosa, 
was studied by the induction of copper, zinc, cadmium and a mixture of copper and 
cadmium. Maximum mRNA level was observed under synergism of Cu (472µM) and Cd 
(72µM). Highest expression of MT-1 was observed after 2hr of metal induction either in 
the presence of Cd only or both metals. MT-2 showed higher transcription level in 
synergism which was later on down regulated. However, there was a little relationship 
between mRNA level and protein synthesis, which shows that expression of 
metallothionein is controlled at posttranscriptional level as well (Boldrin et al., 2002). 
Transcriptional level of MTT2 gene T. thermophila was analyzed using Northern 
blotting. MTT2 showed a very low basal expression which increased to maximum within 
30min of copper induction. After that it decreased and a second increased was noticed in 
after 2hrs which was again followed by a down regulation. The expression level 
decreased rapidly on the removal of copper ions from the medium (Boldrin et al., 2006).   
A new isoform of metallothionein (MTT5) has been amplified from 
T.thermophila. Expression of the gene at transcriptional level was checked through real 
time PCR. A maximum amount of RNA was quantified after 30min of cadmium 
induction while in case of copper induction; optimum expression was obtained after 4hrs.  
The optimum rate of metal uptake was observed after 30min of metal induction however 
expected metals accumulation was low (Santovito, 2007).  
The silver saturation method showed the synthesis of metallothionein even in the 
absence of Cu ions exposure. However a major induction following Cu exposure was 
observed, leading optimum expression (9folds to the basal level) after 30min (Boldrin et 
al., 2008). 
  A new copper induced metallothioenin gene TrosMTT2 with 237 nucleotides has 
been characterized from T.rostrata. The gene showed 72.9% similarity with TpigMT-2 
and has the characteristic structural pattern of CKC(X)2–5CKC repeats. At some places K 
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is replaced by S, G, A and N. Real time analysis of TrosMTT2 showed a 7.6 folds 
increase after 24hr of copper induction (Amaro et al., 2008). 
T. thermophila was exposed to 40µM arsenic (As) for 48hrs. Dry weight analysis 
showed accumulation of 187mg/kg of asenic mainly in the form of monomethylarsenate 
and dimethylarsenate. An increase in synthesis of volatile As was noted by increasing As 
concentration and time of exposure (Yin et al., 2011).     
Effect of Lanthenium on the growth of Tetrahymena thermophila showed a 
proliferation in number of cells upto 80µM. However a further increase in La
3+
 caused a 
decrease in growth of cells. La
3+
 induction caused an increased in the expression of 
MTT1 up to 40 folds while in case of MTT2 this was only 5 folds (Wang et al., 2011a).  
 
Fig. 2.1. Norhern Blot analysis of total RNA of cadmium induced T. pigmentosa. A; Cd-
MT probe hybridization with 2µg of total RNA. B; hybridization of 17S rRNA 
probe with 2µg of total RNA (Santovito et al., 2000).  
 
Response of metallothionein to cadmium induction is very rapid in T. pigmentosa 
and T. pyriformis. Fig. 2.1  shows that T. pigmentosa MT-mRNA level increased up to 40 
folds after just 30min of Cd induction, then down regulated to 20folds within 60min of 
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induction and a second induction in gene expression was observed before 2hr of 
cadmium induction which remained nearly constant for next 24hrs. In case of 
T.pyriformis metallothionein expression was maximum after 1hr of cadmium induction 
which was down regulated to 25fold in the next 24hrs (Santovito et al., 2000). 
Effect of copper induction on transcription of T. pigmentosa copper 
metallothionein was measured through northern blotting. Fig. 2.2 shows that expression 
was an optimum expression of 20 folds increase was observed after 15min which was 
down regulated to 8 folds of basal expression level after 2hrs. After that a steady state 
expression was observed up to 4hrs. This was followed by an increase in expression up to 
24hrs. Copper accumulation measured through cell free extract showed that copper 
uptake increased exponentially in the first 30min (4 folds) then it remain at steady state 
for up to 4hrs, after that up to 24hrs there was a steady increase was noted (santovito et 
al., 2001).  
 
Fig. 2.2. Expression of Cu-MT mRNA at different time interval after copper exposure. Expression is 
represented along Y-axis as a.u. (arbitrary units) (santovito et al., 2001). 
To express TpyMT-1 in E.coli TAA stop codon which encode glutamine in 
Tetrahymena was mutated to CAA by site directed mutagenesis. Mutagenic primers 
resulted in mutated PCR fragment was used as downstream primer in next step of PCR. 
After digestion it was cloned in pGEX-4T2 expression vector and expressed in BL21C 
hosts (Domenech et al., 2008).  
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The synthetic human metallothionein-2 was ligated into intein tag containing 
pTYB11. The recombinant plasmid (pTIMT1) was expressed into E. Coli ER2566 host 
cells. After sonication, the recombinant protein was purified using chitin beads. MALDI 
TOFF analysis showed a molecular mass of 6.046kDa which is very close to the 
calculated one (Hong et al., 2001).  
Spectroscopic studies of T. pyriformis cadmium metallothionein (TpyMT1) 
showed its different folding in the presence of zinc and cadmium ions. TpyMT1 clearly 
prefer Cd(II) as compare to Zn (II) and Cu (I) (Domenech et al., 2008). 
Log phase growing T. thermophila were induced with 27µM Cd
2+
 and 80µM Cu
2+
 
separately. qPCR anlaysis showed that after 1hr MTT1 shows 70 folds increase in 
expression in response to cadmium while 4 folds increase was observed in response to 
copper.  In case of MTT2, there was only 9 folds increase in response to cadmium while 
100 folds higher expression in case of copper induction. This shows a differential 
expression of metallothioniens in response to different metals (Wang et al., 2011b).  
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3.1 Sampling 
Samples of industrial wastewater were collected from 10 different sites of three 
water bodies including two industrial effluent drains: Nala Sarai (near Sheikhupura), 
Hudiara drain (near Lahore) and a Preliminary Tanneries Wastewater Treatment Plant (in 
Kasur). Sampling was done in the months of April and July, 2010 during dawn and dusk. 
pH and temperature of the sampling sites were measured using pH strips and 
thermometer, respectively. Samples were taken in properly labeled sterile bottles and 
immediately brought to Protozoan Culture Lab, School of Biological Sciences, University 
of the Punjab, Lahore.  
3.2 Preliminary identification of ciliates in wastewater samples 
Three drops (10 µl each) of each sample were place on a glass slide and observed 
under light microscope (ZEISS Axiostar Plus) at 50X and 100X magnifications. Initial 
identification was done on the basis of microscopic observation i.e., size, shape, pattern 
of ciliary lining and pattern of locomotion (Edmondson, 1966; Curds et al., 1983; APHA, 
1989).  
3.3 Isolation of copper resistant ciliates 
Ten small drops (approximately 5 µl each) of each sample were taken on a sterile 
glass slide and observed at 100X magnification using light microscope. Drops containing 
only Tetrahymena cells were selected for inoculation. The isolated strain (Tetrahymena 
1.7) was named as Tetrahymena farahensis after proper characterization.  
Organisms were grown as pure culture and 1 µg/ml of copper was added for three 
days to confirm their resistance against copper. 
3.4 Culture maintenance 
Primarily, the culture was maintained using Bold-basal salt medium (Shakoori et 
al., 2004). Wastewater samples also contained the contamination of bacteria, algae and 
fungi. Algae were eliminated by keeping the cultures in dark. Fungizone/ Amphotericin B 
(1 µg/ml) was added to remove fungal contamination. kanamycin (50 µg/ml), Ampicillin 
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(100 µg/ml) and chloramphenicol (20 µg/ml) were used to inhibit the growth of bacteria 
when required.  
3.5 Growth media 
Growth of T. farahensis was also determined in other media. Different media and 
their composition is given in Table 3.1. pH of all media was adjusted to 7.2±0.1 at the 
time of inoculation, while temperature was maintained at 27±1
o
C. 
 
Table 3.1   Composition of different media used to determine the growth of T. farahensis.  
Media Composition 
Bold-basal Salt 
Medium 
NaNO3 (250 mg/L), CaCl2.H2O (25 mg/L), MgSO4.7H2O (75 
mg/L), K2HPO4 (75 mg/L), KH2PO4 (175 mg/L), NaCl (25 
mg/L), EDTA(50 mg/L), KOH (31 mg/L), FeSO4.7H2O (4 
mg/L), H2SO4 (0.001 M), H3BO3 (114.2 mg/L), ZnSO4.7H2O 
(8.81 mg/L), MnCl2.4H2O (1.44 mg/L), MoO3 (0.71 mg/L), 
CuSO4.5H2O(1.57 mg/L) and Co(NO3)2.6H2O (0.49 mg/L) 
Modified Neff‟s 
Medium 
glucose (5 g/L), Peptone (2.5 g/L), yeast extract (2.5 g/L), , 
FeCl3 (5.402 mg/L) 
Wheat Grain Medium 4-5 boiled grains of wheat in 40 ml of distilled water   
Copper Added Neff‟s 
Medium 
Peptone (2.5 g/L), yeast extract (2.5 g/L), glucose (5 g/L), 
FeCl3 (5.402 mg/L), CuSO4 (5 mg/L) 
 
3.6 Determination of T. farahensis growth curve 
Growth pattern of T. farahensis was determined in Bold-basal salt medium, 
Modified Neff‟s medium, wheat grain medium and copper added Neff‟s medium. Fifty 
cells of T. farahensis were inoculated in 30 ml of all media in triplicates. Cultures were 
incubated in temperature controlled incubator at 27±1
o
C. Number of organisms per ml 
was counted by taking three drops, each of 5 µl from every flask and observing it under 
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light microscope at 100X magnification. Haemocytometer was also used to count the 
number of cells. Growth curves were plotted by taking time along X-axis and number of 
cells per ml along Y-axis.   
3.7 Optimization of physicochemical parameters  
Growth of organisms is affected by a number of physical and chemical parameters 
like temperature, pH and nutrients. Temperature affects the activities of cellular enzymes 
while pH causes a change in ionization of the biomolecules especially proteins which 
perform the cellular activities.  
3.7.1 Optimization of temperature for growth 
Axenic culture of T. farahensis was inoculated in four flasks with 40 ml of Bold-
basal salt medium, in triplicates. Four wheat grains were added in each flask and its pH 
was adjusted to 7.2 ± 0.2. The cultures were kept at 20
o
C, 25
o
C, 30
o
C and 35
o
C for two 
weeks. Number of organisms per ml was counted after every 24h under light microscope 
at 50X magnification after staining with lugol‟s solution. Three readings were taken for 
each flask. This procedure was repeated by growing organisms in each of the other 
media.   
3.7.2 Optimization of pH for growth 
pH optima was determined by growing T. farahensis cells in 40 ml Bold-basal salt 
media and 20 ml Modified Neff‟s media with pH  5, 6, 7, 8, and 9.  For every pH, culture 
was taken in triplicate and kept at 27±1
o
C. Number of organisms per ml was counted 
after every 24h at 50X magnification. 
3.7.3 Effect of copper ions on the growth of T. farahensis 
Effect of copper ions on the growth of T. farahensis was determined by taking 
four sets of flasks, in triplicate, with 20 ml modified Neff‟s medium in each. Each flask 
was inoculated with 50 cells of T. farahensis. The first set was supplemented with copper 
ions at 1 µg/ml/day, second with 5 µg/ml/day, third with 10 µg/ml/day and the fourth set 
was taken as negative control for copper stress. All the cultures were grown at 27±1
o
C. 
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Growth was observed and number of cells per ml was calculated each day at 100X 
magnification.  
3.8 Determination of Cu uptake ability of T. farahensis 
Three flasks with 100 ml modified Neff‟s medium, in triplicates, were used for 
determination of Cu uptake ability of T. farahensis. These sets were designated as 
positive control (metal added but no organisms), negative control (organisms without 
metal) and experimental (organism in the presence of metal).  Positive control and 
experimental had same concentration of copper ions. Organisms were grown at 27±1
o
C 
and pH was adjusted to 7.5 ± 0.05. Copper stress was given on 2
nd
 day of inoculation. An 
aliquot of 1 ml was taken from each flask at 0 h, 24 h, 48 h, 72 h and 96 h after copper 
stress. Samples were centrifuged at 2340x g value for 10 min. Supernatants were saved in 
separate eppendorff tubes and pellets were washed with equal volume of saline (0.9% 
NaCl) solution. Air dried pellets were dissolved in 50 µl of conc. HNO3 and final volume 
of digested pellets was made up to 1 ml with deionized water.  The digested pellet was 
used to find the amount of copper removed by T. farahensis from medium at different 
time intervals. Air acetylene flame in Thermo Unicam-SOLAAR atomic absorption 
spectrophotometer was used to find the metal concentration in pellet and supernatant. 
Thus copper uptake by T. farahensis and copper ions remaining in the medium were also 
calculated.  
3.9 Copper uptake under different metal ion concentrations 
Effect of metal uptake under different concentrations of copper stress was 
determined by growing T. farahensis in five flasks with modified Neff‟s media, in 
triplicate. All the five sets were given metallic stress on the 2
nd
 day of inoculation at the 
rate of 5 µg/ml, 10 µg/ml, 20 µg/ml, 50 µg/ml and 100 µg/ml. Metal uptake was 
determined according to the method described above after 0 h, 24 h, 48 h, 72 h and 96 h.  
 In another set of experiment, T. farahensis cells were given 5 µg/ml, 10 µg/ml, 50 
µg/ml and 100 µg/ml copper stress in four flasks, in triplicates, and metal uptake was 
determined after 15 min, 30 min, 45 min, 1h, 2 h, 3 h and 4 h according to the method 
described above. 
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3.10 DNA Barcoding of T. farahensis 
Considering that identification of T. farahensis species was not reliable, 
exclusively on the morphological characteristics, molecular tools were additionally used 
to identify and discriminate between different species.  T. farahensis species was 
identified by characterization of its genomic (SS rRNA gene) and mitochondrial (COX 1 
gene) markers. For this, isolated DNA was amplified for 18S rDNA and COX1 genes 
which were cloned, sequenced and analyzed for nucleotide homologies and 
dissimilarities. 
3.11 Isolation of genomic DNA  
Genomic DNA was isolated from rapidly growing log phase T. farahensis cells.  
Log phase growing T. farahensis were starved for 18 h in 50 mM Tris buffer (pH 7.4). 
These starving cells were pelleted down at 2340x g for 10 min. Pellet was resuspended in 
400 µl lysis buffer (42% Urea, 10 mM Tris-Cl (pH 7.5), 0.3 M NaCl, 10 mM EDTA, 1% 
SDS) and homogenized by shaking them gently. Equal volume of phenol-chloroform 
mixture was added for denaturation and precipitation of proteins. Mixture was spun at 
9,390x g for 5 min; aqueous layer was saved in sterile eppendorf tube while organic 
portion was discarded. Chilled isopropanol was added in equal volume to the aqueous 
portion and kept at room temperature for 10 min. Sample was spun at 9,390x g for 10 
min to pellet down the precipitated nucleic acids. Supernatant was discarded and pellet 
was carefully washed with 70% chilled ethanol and air dried by keeping in laminar flow 
for 20 min. Distilled autoclaved water (50 µl) was added to dissolve the pellet. RNase 
treatment was given at 37
o
C for 30 min. Isolated DNA was stored at -20
o
C till further 
use. 
3.12 Agarose gel electrophoresis 
Isolation of DNA was confirmed by running the samples on 1% agarose gel.  For 
this purpose, 0.5g agarose was suspended in 40 ml of 1X TAE buffer (40 mM Tris 
acetate and 1 mM EDTA pH 8.0) and heated in microwave to completely dissolve. Gel 
was allowed to cool down below 50
o
C and was poured in prewarmed (at 37
o
C) agarose 
gel caster.  Comb was placed in the gel and the gel was solidified at room temperature. 
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After solidification, clamps were removed and gel was transferred to agarose gel 
electrophoresis tank. DNA samples mixed with DNA loading dye (Fermentas #R0611) 
were loaded in the wells. DNA ladder mix (Fermentas #SM1173) was also loaded as 
reference in one of the wells.  
Electrophoresis was performed at 100 mV for 40 min. Gel was stained in staining 
buffer (1X TAE with 0.1% Ethidium Bromide) for 10 min and destained for 20 min usig 
distilled water.  Isolated DNA bands were observed on UV-transluminator (Vilber 
Lourmat). Gel was documented by using Dolphin Gel Documentation System 
(WEALTEC).  
3.13 DNA quantification 
Initially, DNA was quantified by comparing the intensity of bands with the bands 
of DNA ladder mix. DNA was also quantified by taking OD at 260 nm. Autoclaved 
distilled water was used for dilution of isolated DNA.  Amount of DNA was calculated 
according to the formula. 
1 OD260 = 50 μg/ml of DNA 
DNA (g)/ml = OD260 X dilution factor X 50 
Ratio of absorbance at 260 nm and 280 nm was used to check the quality of DNA.  
3.14 Ribotyping of T. farahensis 
3.14.1 In vitro amplification of 18S rRNA gene 
Ribotyping was performed by amplification of 18S rRNA gene through 
polymerase chain reaction using EukF as forward and EukR as reverse primers. 
Sequences and related properties of the primers are given in Table 3.2. The reaction 
mixture (50 µl) contained 5 µl of 10X NH4(SO4)2 buffer, 4 µl of 25 mM MgCl2, 4 µl of 
2.5 mM dNTPs (Fermentas #RO181), 2 µl of each 10 pmol forward and reverse primers, 
0.5 µl of 5 U/µl Taq DNA polymerase (Fermentas #EP0402) and 3 µl of DNA with a 
final concentration of all components as 1X, 2 mM, 0.2 mM, 0.4 pmol, 2.5 U, 1 µg, 
respectively. Autoclaved distilled water was used to make total volume up to 50 µl. PCR 
was performed in GeneAmp thermocycler with initial denaturation of 5 min at 94
o
C, 
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followed by 35 cycles each of denaturation at 95
o
C for 50 sec, annealing at 51
o
C for 45 
sec and elongation at 72
o
C for 50 sec. It was followed by a final elongation step at 72
o
C 
for 7 min. Graphical representation of PCR cycle is given below:  
 
PCR product was loaded on 1% agarose gel and electrophoresis was performed at 80V 
for 45 min. Bands of amplified product at 1.8 kb were observed on UV transilluminator.  
 
Table 3.2 Sequences of universal primers used in amplification of 18S rRNA gene 
(Regensbogenova et al., 2004). 
Primer’s 
ID 
Nucleotide sequence 
Length 
(nt) 
Tm (
o
C ) Product 
Size (nt) 
EukF 5‟- AATATGGTTGATCCTGCCAGT -3‟ 21 57.5 
 
1752 
EukR 5‟-  TGATCCTTCTGCAGGTTCACCTAC -3‟ 24 56.2 
 
3.14.2 Gel extraction of PCR amplified product 
The band of PCR product was carefully cut from the gel with the help of sterilized 
blade and transferred to an autoclaved eppendorf tube. DNA was extracted from agarose 
gel using Fermentas GeneJET
TM
 gel extraction kit (#K0691). Equal volume of binding 
buffer was mixed the slice of agarose gel. This mixture was kept at 55
o
C for 5 to 10 min 
(until gel melted). At one time 500 µl of this was transferred to the gel extraction column 
and spun at 9,800x g for 1 min. Column was washed twice with 500 µl of wash buffer, 
each time spun at 9,800x g for 1 min. Empty column was spun at 9,800x g to remove all 
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remnants of ethanol. Column was transferred to an autoclaved eppendorf tube. Elution 
buffer (50 µl) were directly poured on the silica membrane of the column and kept it 
standing for 2 min. Centrifugation was done at 9,800x g; flow through (having DNA) was 
stored at -20
o
C till next use. A small fraction (5 µl) of this was used for agarose gel 
electrophoresis to check the quality and determine the quantity of gene clean (Maniatis et 
al., 1982).   
3.14.3 Ligation of 18S rRNA gene in pTZ57R/T 
Amplified 18S rRNA gene was cloned in pTZ57R/T vector (Fig. 3.1) using 
Fermentas InsTAclone
TM
 PCR cloning kit (#K1214).  For this purpose 3 µl of vector (165 
ng), 6 µl of 5X ligation buffer, 4 µl of purified PCR product (500 ng), 1 µl of ligase (5 U) 
and 16 µl of nuclease free water were mixed and incubated at 16
o
C overnight. This pTZ-
18S ligation mixture was stored at -20
o
C till further use. 
 
 
Fig. 3.1. Map of cloning vector pTZ57R/T. The sticky ends with ddT indicate the cloning 
sites for the DNA amplicon amplified using Taq DNA polymerase. The vector 
is of 2.886kb size with bla as ampicillin resistant marker.   
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3.14.4 Preparation of DH5α competent cells 
E.coli DH5α competent cells were prepared according to Sambrook and Russell 
(2001). An 18 h old colony was inoculated in 5 ml autoclaved broth and incubated at 
37
o
C for overnight. Sterilized autoclaved broth (50 ml) was inoculated with 500 µl (1%) 
of overnight culture and incubated in shaking incubator at 37
o
C. After 2.5 to 3 h when the 
OD580 reached 0.2 to 0.3, culture was transferred to a sterile falcon tube (50 ml) and spun 
at 5,400x g at 4
o
C for 10 min. Supernatant was discarded and the pellet was resuspended 
in 20 ml of ice cold 50 mM CaCl2. Suspended pellet was incubated on ice for 40 min 
followed by centrifugation at 5,400x g at 4
o
C for 10 min. Supernatant was discarded and 
the pellet was resuspended into 4 ml of ice cold 50 mM CaCl2. A small loop of cells was 
streaked on simple LB agar plate and LB ampicillin plate. The cells were kept on ice till 
further use. 
3.14.5 Transformation of competent cells with recombinant plasmid 
About 100 µl of competent cells and 5 µl of pTZ-18S ligation mixture were 
mixed in an autoclaved eppendorf tube and kept on ice. After 40 min, cells were given a 
heat shock at 42
o
C for 90 sec and quickly shifted to ice for 3 min. LB broth (800 µl) was 
mixed to this mixture and incubated at 37
o
C for one hour. Culture was centrifuged to 
pellet down the cells and resuspended in 100 µl of broth. Resuspended cells were spread 
on freshly prepared LB agar plate having X-gal (270 µg/ml), Isopropyl-β-D-
thiogalactopyranoside (IPTG) (130 µg/ml) and Ampicillin (100 µg/ml). Plate was 
incubated overnight at 37
o
C.   
3.14.6 Selection of transformed recombinant colonies 
Initial selection of transformed recombinant colonies was made on the basis of 
blue white appearance. White colonies were considered as recombinant ones (Sambrook 
and Russell, 2001). Selected white colonies were streaked on LB-Amp agar plates (amp 
100 µg/ml) to get pure culture. One colony from this overnight incubated plate was 
subjected to colony PCR for confirmation of positive recombinant colonies while another 
was used for plasmid isolation. Colony PCR reaction mixture (25 µl) consisted of 1X Taq 
Materials and methods 
39 
 
buffer, 2 mM MgCl2, 200 µM dNTPs, 10 pmol of each primer and 1.5 U of Taq DNA 
polymerase. A transformed colony was mixed with reaction mixture using sterile tooth 
pick.  
3.14.7 Isolation of recombinant plasmid by alkaline lysis method (Miniprep) 
A single colony from each pure culture plate was inoculated in 5 ml LB broth in 
the presence of Ampicillin (1 µg/ml) and incubated in a shaking incubator at 37
o
C for 18 
h. Approximately 3 ml of bacterial culture was used to make the pellet. The pellet was 
suspended in 100 µl of solution-I (50 mM Glucose, 25 mM Tris-Cl pH 8.0, 10 mM 
EDTA pH 8.0) and kept at room temperature for 5 min. Eppendorf tube was shifted on 
ice, 200 µl of freshly prepared solution-II (0.2N NaOH, 1% SDS) was added to it and 
gently mixed for bacterial lysis. One fifty microliters (150 µl) of solution-III (60% of 5M 
CH3COOH, 11.5% glacial acetic acid) was added to the lysate, vortexed and kept on ice 
for 3 min to precipitate the proteins. Samples were centrifuged at 9,800x g for 5 min to 
pellet down proteins. Supernatants were carefully transferred to new autoclaved 
eppendorf tubes and pellets were discarded. An equal volume of phenol: chloroform (1:1) 
was mixed to supernatants and centrifuged at 9,800x g for 5 min to remove any protein 
contamination. Aqueous layers (upper layer) were carefully saved in sterile eppendorf 
tubes. Twice volume of chilled ethanol was added to the supernatants and eppendorf 
tubes were kept on ice for 20 min to precipitate nucleic acids. Mixture was centrifuged at 
9,800x g for 10 min to pellet down the nucleic acids. Supernatants were discarded and 
pellets were washed with ice cold 70% ethanol. Pellets were air dried in laminar air flow. 
Transparent pellets of nucleic acids were dissolved in 40 µl of nuclease free water and 
stored at -20
o
C till further use. 
3.14.8 Restriction analysis of recombinant plasmids. 
Restriction analysis was performed to confirm the cloning of 18S rRNA gene in 
pTZ57R/T. Isolated plasmids were subjected to single and double restriction using EcoR1 
and HindIII restriction enzymes. In case of double restriction, 1.5 µg of isolated plasmids 
were mixed with 5 µl of 10X Tango buffer (Fermentas #BY5), 10 U (1 µl) of EcoR1 
(Fermetas #ER0271) and 10 U (1 µl) of HindIII (Fermetas #ER0501). Final volume was 
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raised to 25 µl using nuclease free water. In case of single restriction, 5 µl (1.5 µg) of 
isolated plasmids were mixed with 5 µl of 10X Tango Buffer and 10 U (1 µl) of EcoR1. 
Final volume was raised to 25 µl using nuclease free water. The mixtures were incubated 
at 37
o
C for 3 h. Restricted plasmids were run on 1% agarose gel at 90 mV for 45 min. 
DNA ladder mix (Fermentas #SM1173) was used as reference to measure the size of 
restricted bands. Pattern of DNA bands in the gel was visualized on UV transluminator. 
3.14.9 Plasmid isolation using Miniprep Kit for gene sequencing  
Highly purified DNA is recommended for sequencing purpose. For this, 
recombinant plasmids were purified using Fermentas GeneJET
TM
 Plasmid Miniprep Kit 
(#K0502). One of the colonies positive for restriction analysis was selected for 
sequencing of cloned 18S rRNA gene. Three milliliters of 18 h fresh cell culture were 
pelleted down in a sterile eppendorf tube by centrifugation at 9,800x g for 2 min. 
Supernatant was discarded and pellet was suspended in 250 µl of suspension buffer. After 
that, 250 µl of lysis buffer was added to the suspension and gently mixed by inverting 
eppendorf tube four to six times. Neutralization buffer (350 µl) was added to this lysate 
for protein precipitation. Eppendroff tube was centrifuged at 9,800x g for 5 min. 
Supernatant was transferred to miniprep column and centrifuged at 9,800x g value for 1 
min. Flow through was discarded and column was washed twice with 500 µl of wash 
buffer. Empty column was spun at 9,800x g for 1 min to remove any traces of wash 
buffer. Column was shifted to a new autoclaved eppendorf tube and 50 µl of elution 
buffer was applied to the center of silica membrane of miniprep column. Column was 
centrifuged at 9,800x g for 2 min. Eluted DNA was collected in eppendorf tube and 
column was discarded. DNA quantification was done by UV spectrophotometery and 
running the samples on 1% agarose gel. 
3.14.10 Sequencing 
Purified recombinant plasmids (about 300 ng) containing 18S rRNA gene were 
sent to Macrogen Korea for sequencing. M13 forward and reverse primers were used for 
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sequencing reactions. An internal primer (5‟ GCGGTAATTCCAGCTCCAATAG 3‟) 
was also used to get complete gene sequence.  
3.14.11 Sequence blast and multiple sequence alignment 
Chromatogram received from Macrogen Korea was read using DNA Chromas 
Lite software. Sequence homology was performed by Basic Local Alignment Search 
Tool (Altschul et al., 1990). 
3.15 In vitro amplification of T. farahensis cytochrome c oxidase gene 
Sequence analysis of Mitochondrial Cytochrome c oxidase gene is another powerful 
molecular tool for identification of Tetrahymena species. A fragment of cytochrome c 
oxidase gene (985nt long) was amplified for sequence analysis. CoX-F (5‟- 
TCAGGTGCTGCACTAGC-3‟) (Lynn and Strüder-Kypke, 2006) was used as forward 
primer while Cox-R (5‟- TAAACTTCAGGGTGACCAAAAAATCA-3‟) (Folmer et al., 
1994) was used as reverse primer corresponding to a selected region of cytochrome c 
oxidase gene of Tetrahymena thermophila (accession no. AF396436). Following reaction 
conditions were used: Initial denaturation at 94
o
C for 5 min followed by 35 cycles, each 
of denaturation at 94
o
C for 45 sec, annealing at 53
o
C for 35 sec and elongation at 72
o
C 
for 40 sec; final extension was given for 7 min at 72
o
C.  
PCR product was analyzed by 1% agarose gel electrophoresis. Band of amplified 
cytochrome c oxidase gene was cut with sterile blade and gel extraction was performed 
using Fermentas GeneJet
TM
 gel extraction kit (#K0691).    
3.15.1 T/A cloning and transformation of T. farahensis cytochrome c oxidase gene 
Purified PCR product of cytochrome c oxidase subunit1 gene was ligated in 
pTZ57R/T cloning vector using Fermentas InstaClone PCR cloning kit (#K1214). 
Competent cells of E.coli DH5α were transformed with recombinant plasmids 
(pTZ57R/T-COX) according to the protocol discussed earlier. 
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3.15.2 Miniprep and restriction analysis of recombinant pTZ57R/T-COX plasmids 
Five transformed colonies were inoculated in 5 ml of LB broth from LB 
Ampicilin agar plate and incubated for 18 h in the presence of 1 µg/ml of ampicillin. 
Bacterial cultures were pelleted down and subjected to plasmid isolation using alkaline 
lysis method. To confirm the cloning of cytochrome c oxidase gene in pTZ57R, isolated 
plasmids were subjected to restriction analysis using EcoR1 (Fermentas #ER0271) and 
HindIII (Fermentas #ER0501) in the presence of 2X Tango buffer. 
3.15.3 Sequencing of cytochrome c oxidase gene  
One of the positive colonies having cytochrome c oxidase gene was selected for 
sequencing. Plasmids from fresh culture of positive colony were isolated using Fermentas 
GeneJet
TM
 plasmid isolation kit (#K0502). Purified plasmids were sent to Macrogen 
Korea for automated sequencing by ABI sequencer.  
3.15.4 Sequence blast 
Sequence file was provided in the form of chromatogram. All peaks were read 
carefully using Chromas Lite software. FASTA sequence was copied and homology was 
performed by Nucleotide BLAST program of NCBI database.  
3.16 Phylogenetic analysis of T. farahensis 
Phylogenetic analysis was performed through multiple sequence alignment of SS 
rRNA gene and COX1 gene with their homologues. Evolutionary relationships within the 
clade were shown in the form of phylogenetic trees. 
3.16.1 Multiple sequence alignment 
Different homologues of sequenced 18S rRNA gene were retrieved from NCBI 
gene data bank and multiple sequence alignment was performed using ClustalW2 
(Thompson et al., 1994). The variations in 18S rRNA gene of T. farahensis from already 
reported 18S rRNA genes of Tetrahymena were compared. Similarly, different 
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homologues of sequenced cytochrome c oxidase were retrieved from data bank and 
multiple sequence alignment was performed using ClustalW2 (Thompson et al., 1994).  
3.16.2 Construction of phylogenetic trees  
Phylogeny of T. farahensis was studied by drawing phylogenetic trees based on 
maximum likelihood and neighbour joining methods using SS rRNA gene and COX1 
gene. Mega5 software was used to constructed phylogenetic tree (Tamura et al., 2011). 
3.17 Molecular characterization of T. farahensis copper metallothionein gene 
Tetrahymena have specific metal binding proteins called metallothioneins. These 
metal binding proteins enable Tetrahymena to survive in heavy metals polluted 
environment. Copper metallothionein gene of T. farahensis (TfCuMT) was amplified 
from both genomic DNA and cDNA templates. 
3.17.1 Primer designing for TfCuMT 
To amplify copper metallothionein gene from T. farahensis, different sets of 
primers were selected from already reported primers. These primers are listed in the 
Table 3.3. 
Table 3.3   Different primers used in the amplification of TfCuMT. 
Primer’s 
ID 
Nucleotide sequence Size 
(nt) 
Reported by 
F1CUMT 5'  CCATGGAYACIYARAC  3' 
16 Chaudhry and 
Shakoori, 2010 
R1CUMT 5'  TCIGCRCAKTTRCAIGGIKWRCAYTT 3' 26 Boldrin et al., 2008 
R2CUMT 5'  TCATTGCTTTTGGCAACAAGA  3' 21 Boldrin et al., 2003 
F3CUMT 5'  ATGGAYACIYARACIYARACIAA  3' 23 Boldrin et al., 2008 
R3CUMT 5'  TCAGCATTTGCATTCAGCACA  3' 21 Boldrin et al., 2008 
K,  G+T; R,  A+G; Y, C+T; I,  Inosine 
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3.17.2 In vitro amplification of TfCuMT from genomic DNA 
Copper metallothionein gene was amplified using genomic DNA of T. farahensis 
as template. A 50 µl of PCR reaction mixture contained 1X Taq Buffer, 2 mM MgCl2, 
0.2 mM dNTPs, 10pmol of each primer, 2.5U of Taq DNA Polymerase and 4ng genomic 
DNA. Reaction mixture was incubated in eppendorf thermocycler with initial 
denaturation of 94
o
C for 5 min, followed by 35 cycles, each of denaturation at 94
o
C for 
30 sec, annealing at 52
o
C for 35 sec and elongation at 72
o
C for 30 sec. Final elongation 
was given for 7min at 72
o
C. PCR amplified gene was analyzed using 1.5% agarose gel. 
Fermetas GeneJet
TM
 gel extraction kit was used to purify the PCR amplified product. 
Quantification of PCR product was done through agarose gel electrophoresis and UV 
spectrophotometry. 
3.17.3 T/A cloning of TfCuMT 
Purified TfCuMT gene was ligated in pTZ57R/T using Fermentas InsTAclone
TM
 
PCR cloning kit (#K1214). The 25 µl of ligation mixture contained 2.5 µl of 10X ligation 
buffer, 165ng of cloning vector (pTZ57R/T), 490 ng of amplified TfCuMT gene and 5U 
of T4 DNA ligase. This mixture was incubated at 4
o
C for 12 h.  
3.17.4 Transformation of DH5α with recombinant plasmids  
Freshly prepared E.coli DH5α competent cells (200 µl) were mixed with 7 µl of 
pTZ57R-TfCuMT recombinant plasmids. Recombinant colonies were confirmed through 
colony PCR and restriction of their isolated plasmids using EcoR1 and HindIII in the 
presence of 1X Tango buffer. 
3.17.5 Nucleotide sequencing of TfCuMT gene 
Recombinant plasmids isolated by using Fermentas GeneGET
TM
 Plasmid 
Miniprep kit were sent for sequencing to Center of Advance Molecular Biology 
(CAMB), Lahore.   
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3.17.6 Sequence analysis  
Sequencing results received in the form of chromatogram were first analyzed 
visually to check the quality and any error in sequence reading. Sequence homology was 
checked through nucleotide BLAST at NCBI database. Sequence alignment and 
phylogenetic relationships were concluded by using ClustalW2 and DNA star software.  
3.18 Amplification and cloning of TfCuMT from cDNA  
Following steps were involved to amplify TfCuMT gene from mRNA. 
3.18.1 Isolation of T. farahensis total RNA 
 T. farahensis cells were grown in Bold-basal salt medium. Mid log phase culture 
was given copper stress (2 µg/ml). Total RNA was isolated from treated culture of T. 
farahensis after 1h of copper stress. Pellets of 300 µl culture was made at 5,400x g for 5 
min. Pellet was resuspended in 1 ml of Trizol Reagent, vortexed and kept at room 
temperature for 5 min. About 200 µl of chloroform was added and mixed vigorously. 
This mixture was incubated at room temperature for 10 min, then centrifuged at 9,800x g 
for 15 min at 4
o
C. Aqueous layer (upper layer) was collected and chilled isopropanol was 
added to it in equal amount. After 5 min incubation at room temperature, it was 
centrifuged at 9,800x g for 15 min. Supernatant was discarded, while pellet was washed 
using 75% ethanol and air dried by keeping in laminar airflow. Pellet was dissolved in 30 
µl of sterile water. 
 
 
 
 
3.18.2 DNase treatment 
Isolated RNA also has contamination of DNA. To purify RNA from traces of 
DNA, it was treated with DNase-I (Fermentas #EN0521). RNA (3 µg) was mixed with 1 
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µl of DNase-I, in the presence of 1 µl of 10X DNase-I buffer. Nuclease free water was 
used to make the volume up to 10 µl. The reaction mixture was mixed properly, short 
spun and incubated at 37
o
C for half an hour. DNase was degraded to stop its activity by 
incubating at 65
o
C for 10 min in the presence of 1 µl of 25 mM EDTA. Each DNase 
treated RNA was stored at -80
o
C till further use. RNA quality was checked by running 
the samples on 1.5% denaturing agarose gel having 2M Formaldehyde according to the 
protocol described by Sambrook and Russel (2001). 
3.18.3 cDNA synthesis 
cDNA was synthesized from total RNA of treated culture. Random hexamers 
were used as primers for the synthesis of cDNA. Three microliters (1 µg) of purified 
RNA was mixed with 1 µl of random hexamers (100pmol) and 9.5 µl of nuclease free 
water. This was incubated at 70
o
C for 2 min, then cooled down by keeping on ice for 5 
min and following components were added with total makeup volume of 20 µl. 
                 5X Reaction Buffer = 4 µl 
   dNTPs mixture (10 mM each) =  2 µl 
  RNase inhibitor=  0.5 µl 
      MMLV reverse transcriptase =  1 µl 
cDNA reaction mixture was mixed properly and incubated at 42
o
C for 1 h for 
cDNA synthesis. cDNA synthesis was stopped by degrading MMLV reverse 
transcriptase at 94
o
C for 5 min. Mixture was subjected to short spin and stored at -80
o
C 
till further use.  
3.18.4 Reverse transcriptase PCR of TfCuMT 
In this method instead of genomic DNA, cDNA is used as a tempelate for in vitro 
amplification of TfCuMT gene. PCR mixture consisted of 5 µl of cDNA, 5 µl of 10X Taq 
Buffer,  4 µl of 25 mM MgCl2, 4 µl of 2.5 mM dNTPs, 0.5 µl of Taq DNA Polymerase, 2 
µl each of 10pmol F3CuMT and R3CuMT primers and  27.5 µl of PCR water.  ABI 
thermocycler was used for the polymerase chain reaction. PCR conditions are: Initial 
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denaturation at 94
o
C for 5 min, followed by 35 cycles, each of denaturation, annealing 
and elongation at 94
o
C for 35 sec, 52
o
C for 30 sec and 72
o
C for 30 sec, respectively. 
Final elongation was done at 72
o
C for 7min.  
3.18.5 Cloning of TfCuMT  
TfCuMT gene amplified from cDNA of T. farahensis was ligated in pTZ57R 
vector and E.coli DH5α competent cells were transformed with the recombinant vector. 
Presence of insert was confirmed through restriction analysis. 
3.18.6 Sequencing and sequence analysis of TfCuMT 
Cloned TfCuMT gene was sequenced using sequencing facility at School of 
Biological Sciences, University of the Punjab, Lahore. The sequence obtained from ABI 
Sequencer was checked for homology using Nucleotide BLAST at NCBI database and 
aligned with already reported sequences of Tetrahymena copper metallothioneins.  
3.19 Sequence based  analysis of TfCuMT protein 
Nucleotide sequence of TfCuMT was translated into a peptide sequence using 
TRANSLATE tool of Expasy database. Homology of TfCuMT protein with other 
metallothioneins was determined using protein BLAST at NCBI database.   
Amino acid sequence of TfCuMT was analyzed to characterize the protein using 
the following bioinformatics tools: 
 The hydropathical analysis was performed to determine the hydrophobic 
and hydrophilic regions of the protein.  Protein regions having values 
higher than 1.8 on hydropathy plot are hydrophobic in nature and 
represent the membrane embedded portion of proteins.  
 ProtParam tool from Expasy database was used to determine molecular 
weight, isoelectric point (PI), half-life and nature of amino acids in 
protein.  
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 Sulfhydral group of cysteine is involved in chelating metal ions. 
Metalmine software was used to check the cysteine residues involved in 
copper binding.  
3.20 Prediction of three dimensional structure 
Proper folding of peptide chain into a globular structure was predicted using I-
TASSER software. For this, amino acid sequence in FASTA format was submitted online 
and computational results were obtained after 24h. Three dimensional structure is helpful 
in finding out the amino acids involved in folding of peptide chain into a globular form.  
3.21 Mutagenesis of TfCuMT 
Tetrahymena have slightly different genetic code than other organisms where 
TAA and TAG encode glutamine instead of being a stop codon. Four stop codons were 
present in TfCuMT gene with respect to bacterial/yeast expression system. In order to 
express this metallothionein gene in E. coli, these stop codons were mutated through site 
directed mutagenesis.  
3.21.1 Site directed mutagenesis of two stop codons at +11 and +17 nucleotides from 
5' end 
The two stop codons (TAG) present near N-terminus of TfCuMT gene were 
modified by site directed mutagenesis. TAG was mutated to CAG. Thus both stop codons 
were mutated to glutamine which is originally present in the TfCuMT with this genetic 
code. Following primer was used to replace both of the stop codons through point 
mutations. Cs‟ replacing Ts‟ are highlighted and also shown in bold font. Restriction site 
for NdeI (underlined) was also introduced in the primer. This forward primer was named 
as Xp1. 
Xp1 = 5‟  CGCATATGGATACGCAGACGCAGAC  3‟ 
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3.21.2 Site directed mutagenesis for induction of Glutamine instead of stop codon at 
-39 position from 3' end 
At -39 position from 3' end of TfCuMT gene, a glutamine encoding TAA codon is 
present which acts as a stop codon in case of bacteria and eukaryotes (other than ciliates). 
A reverse primer (mut3) 42 nucleotides long was designed to mutate TAA to CAA which 
is glutamine encoding codon both in Tetrahymena and all other organisms. „C‟ replacing 
„T‟ is shown in bold font in the primer sequence.  
mut3=   5‟ TCAGCATTTACATTCAGCACAAGTGCAAGGGTTGCATTGGCAG 3‟ 
PCR reaction mixture consisted of 1X (NH4)2SO4 Taq buffer, 2 mM CaCl2, 0.2 
mM dNTPs, 0.4pmol forward primer (Xp1), 0.4pmol reverse primer (mut3), 2U of Taq 
DNA polymerse and 1 µg of recombinant plasmids. PCR amplification was performed by 
initial denaturation at 94
o
C for 5 min followed by 35 cycles, each of denaturation at 94
o
C 
for 45 sec, annealing at 56
o
C for 30 sec and elongation at 72
o
C for 35 sec. Reaction was 
completed with a final elongation for 8min at 72
o
C.  PCR amplification of TfCuMT in the 
presence of mutagenic primers resulted in a product with induction of the required 
mutations. The mutated gene was cloned in pTZ57R/T and sequenced for the 
confirmation of induced mutations.  
3.21.3 Mutation of middle stop codon through mega primer 
 The fourth stop codon present in the center of gene at position +169 was mutated 
in two different PCR reactions. In 1
st
 PCR reaction, 162 nucleotide fragment of TfCuMT 
(167nt-327nt) gene was amplified using mut4 (5‟ GTTGCCAATGCAATCCTTGT 3‟) as 
forward primer, designed from position +164 to +183 of TfCuMT gene, while previously 
used R3CUMT (Table 3.3) was used as reverse primer. PCR reaction was carried out 
with blunt end polymerase (KOD polymerase). The reaction mixture contained: 
 
  KOD buffer (10X)    5 µl 
     MgCl2 (25 mM)   4 µl 
  dNTPs (2 mM)    5 µl 
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  KOD polymerase    = 2.5U 
  Forward primer (10pmol/µl) = 2 µl  
  Reverse primer (10pmol/µl) = 2 µl 
  Recombinant plasmid  = 200 ng 
  Sterile water     = 30 µl  
 
The reaction mixture was short spin and incubated in a thermocycler with initial 
denaturation of 5 min at 94
o
C, followed by 35 cycles, each with 50 sec denaturation at 
94
o
C, 30 sec annealing at 56
o
C and 25 sec elongation at 72
o
C. A final elongation was 
given at 72
o
C for 7min. The PCR product was analyzed by preparing 1.5% agarose gel. 
Gel electrophoresis was performed at 75 mV for 40 min. A band of 162bp was cut from 
the gel and subjected to gel extraction using GeneJet Gel Extraction kit. This 162bp 
amplified product named as megR was used as mega primer for the amplification of full 
length gene.  
In 2
nd
 PCR reaction, TfCuMT gene with only mutation at +169nt cloned in 
pTZ57R/T plasmids was used as template. The already used Xp1 primer was used as 
forward primer while mega primer megR was used as reverse primer. The reaction 
mixture consisted of 1X Taq buffer, 2 mM MgCl2, 0.2 mM dNTPs, 10 pmol of each 
primer, 1 µg template plasmid and 2.5U of Taq DNA polymerase. The amplified product 
(mut-327) was cloned in pTZ57R cloning vector and E.coli DH5α competent cells were 
transformed with this recombinant pTZ57R.  
3.22 Cloning of mut-327 in pET21a expression vector 
Isolated colonies of both cultures of DH5α having pTZ57R-327 and pET21a were 
inoculated separately in LB medium in the presence of ampicillin (0.1 µg/ml). Plasmids 
were isolated from 18 h old cultures by alkaline lysis method of Birnboim and Doly 
(1979). Recombinant pTZ57R-327 was incubated at 37
o
C with NdeI and EcoR1 in the 
presence of 2X Tango buffer to excise the mut-327 from the vector. pET21a was also 
restricted with the same enzymes to generate same sticky ends.  
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TfCuMT gene with all required mutations was cloned in pET21a (Fig. 3.2). 
Ligation was performed by mixing 9 µl (80 ng) of mutated TfCuMT gene with 4 µl 
(28ng) of restricted pET21a in the presence of 1X ligation buffer and 10U of ligase 
enzyme. Total volume was made 25 µl using nuclease free water. The recombinant 
plasmid was named as pET21a-mut327. E. coli DH5α was transformed with recombinant 
expression vector (pET21a-mut327). Cloning of mutated TfCuMT in pET21a was 
confirmed by restriction analysis. Double restriction of pET21a-mut327 isolated from E. 
coli DH5α cells was performed by incubating 5 µl of plasmid with 10U of NdeI in the 
presence of 2X Tango buffer overnight followed by addition of EcoR1 and another 
incubation for 3h. After confirmation of the cloning of TfCuMT gene in pET21a-mut327, 
E. coli BL21C
+
 cells were transformed with the recombinant pET21a-mut327.  
 
 
 
Fig. 3.2. Map of expression vector pET21a. The vector‟s multiple cloning site (MCS) is highlighted as 
black arrow. Restriction sites for EcoR1 and Nde1 are shown within MCS. 
Single colony of E. coli BL21C
+
 transformed with recombinant expression vector 
(pET21a-mut327)  was inoculated in LB medium and kept in the shaking incubator 
(120rpm) overnight at 37
o
C. This overnight culture was used as inoculum (1%) for 20 ml 
LB medium in the presence of ampicillin (0.1 µg/ml). Inoculated medium was kept in 
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shaking incubator at 37
o
C until OD580 reached 0.4 to 0.8. Induction of IPTG (0.2 mM) 
was given for 6h for the expression of cloned TfCuMT. 
3.23 Protein estimation 
Protein concentration was determined either by taking OD at 280 nm or through 
Bradford assay using Bovine Serum Albumin (BSA) as standard. Bradford reagent 
(0.01% Coomassie blue in 5% ethanol and 10% O-phosphoric acid was freshly prepared 
and filtered through Wattman filter paper before use. A standard curve was drawn using 
various dilutions of BSA. An appropriate amount of protein sample was mixed with 5 ml 
of dye and kept at room temperature for 10 min. OD was taken at 595nm and protein 
concentration was calculated by comparing with the standard curve. 
3.24 Sample preparation for SDS-PAGE 
For sample preparation 10 ml of 6h cell culture was pelleted down by 
centrifugation at 9,800x g for 10 min at 4
o
C. The pellet was washed with 50 mM Tris 
buffer (pH 7.5). Cells were resuspended in 50 mM Tris buffer with a final OD of 15 at 
600 nm. About 500 µl of this suspension was subjected to sonication for 1 min (pulse of 
20 sec and cooling of 2 min on ice) using ultrasonication machine (Sonic Vibro). 
Sonicated sample (20 µl) was mixed with 5 µl 5X SDS loading buffer (50% Glycerol, 
10% SDS, 0.5M Dithiothreitol, 0.25% Bromophenol blue, 0.25 M Tris-Cl (pH6.8)) and 
denatured in boiling water for 5 min. Pattern of expressed protein was observed using 
Sodium Dodecyl Sulphate Polyacrylamide gel electrophoresis (SDS-PAGE). 
3.25 SDS-PAGE 
Bio-Rad Tetra Cell mini gel PAGE apparatus was used to perform SDS-PAGE of 
total cell proteins of transformed E. coli BL21C
+
 according to Laemmli (1970). The 
composition of both resolving and stacking gels is given below: 
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3.25.1 Resolving Gel (18%): 
H2O     0.7ml 
Acryl mix (30%)   2.9ml 
1.5M Tris-Cl Buffer (pH 8.8)  1.3 ml 
10%SDS    50 µl 
10% Ammonium persulphare (APS) 50 µl 
TEMED    2 µl 
3.25.2 Stacking Gel (5%): 
H2O     1.4 ml 
Acryl mix (30%)   0.33 ml 
1M Tris-Cl Buffer (pH 6.8)  0.25 ml 
10%SDS    20 µl 
10% Ammonium persulphare (APS) 20 µl 
TEMED    2 µl 
First 5 ml of resolving gel were prepared and poured into casting plates up to two 
third of their total capacity. A thin layer of water or isopropanol was overlaid on it and 
kept at 37
o
C for polymerization. On polymerization of resolving gel, 6% stacking gel was 
laid over it and comb was placed properly to make wells for loading protein samples. 
After polymerization, gel was transferred to electrophoretic tank filled with 1X Tris-
glycine buffer (25 mM Tris-Cl, 0.1% SDS, 192 mM glycine, pH 8.5). Prepared protein 
sample (7 µl) was loaded in each well. Unstained PAGE Ruler (Fermentas #SM0661) 
was also loaded in one of the wells as reference. Electrophoresis was performed initially 
at 35 mV and raised to 60 mV after stacks of proteins samples were formation. 
Electrophresis was performed until dye reached lower end of the gel. On completion gel 
was stained in Coomassie Blue Stain (0.1% Coomassie blue, 40% methyl alcohol, 10% 
glacial acetic acid, 49.9% water) for 1hr. Then it was destained overnight in destaining 
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solution (20% methyl alcohol, 10% glacial acetic acid, 70% water). Destained gel was 
observed on white light to visualize the banding pattern.   
3.26 TfCuMT Cloning in pET28a expression vector 
TfCuMT gene was cloned in pET28a (Fig. 3.3) to get its expression in bacterial 
system (E.coli). For this purpose TfCuMT gene was excised from recombinant pTZ57R 
using EcoR1 and HindIII. pET28a vector was also restricted with same restriction 
endonucleases (EcoR1 and HindIII). Restricted TfCuMT was ligated into restricted 
pET28a using 10U of T4 DNA ligase in the presence of 1X ligation buffer. DH5α was 
transformed with recombinant pET28a and after confirmation through restriction 
analysis, it was transferred in BL21C
+
 for expression of His-tagged TfCuMT. 
 
 
 
Fig. 3.3. Map of expression vector pET28a. The vector‟s multiple cloning site (MCS) is highlighted as 
black arrow. Restriction sites for EcoR1 and Nde1 are highlighted. 
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3.27 Optimization of protein expression 
The expression level of protein was optimized by varying concentration of IPTG, 
induction duration, adding Cysteine and providing copper ions. 
3.27.1 Optimization of IPTG induction 
IPTG, an analog of galactose, is used as inducer for the cloned gene. Seven flasks 
of LB medium (20 ml each) were inoculated (1%) with overnight inoculum of 
recombinant BL21C
+
 and incubated at 37
o
C until OD600 reached to 0.7. All cultures were 
given IPTG induction ranging from 0.05 mM to 1 mM (0.05 mM, 0.1 mM, 0.25 mM, 0.5 
mM, 0.75 mM and 1 mM) with the exception of one labeled as uninduced. The samples 
were incubated for 6h after induction of IPTG and used for SDS-PAGE to check the 
expression of TfCuMT at different IPTG concentrations. 
3.27.2 Optimization of time for expression of TfCuMT  
Overnight culture of BL21C
+
,
 
harboring pET21a-mut327 was inoculated in 100 
ml LB medium and kept at 37
o
C until OD600 reached to 0.6 to 0.8. IPTG induction (0.1 
mM) was given and culture was incubated again at 37
o
C.  Aliquots (5 ml) of IPTG 
induced culture were taken at 0 h, 2 h, 4 h, 6 h, 8 h, 10 h and 12 h after induction. All 
samples were analyzed on 18% SDS-PAGE.  
3.27.3 Effect of copper ions on expression of TfCuMT 
To observe the effect of copper ions on the stability of TfCuMT, 1% overnight 
inoculum was given to eight flasks, each having 20 ml LB medium.  All the samples were 
incubated in shaking incubator at 37
o
C. IPTG induction was given when OD600 reached 
0.6. Different concentrations of copper ions i.e., 0 µM, 1 µM, 5 µM, 10 µM, 20 µM and 
50 µM were also added to the induced culture at the time of IPTG induction.  
3.27.4 Effect of cysteine on expression of TfCuMT 
Cysteine stock solution (0.2M) was freshly prepared in autoclaved distilled water. 
Three flasks each having 20 ml LB medium were inoculated with 18 h culture of 
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transformed BL21C
+
. All flasks were incubated in shaking incubator at 37
o
C and 
120rpm.  IPTG induction was given after OD600 reached to 0.6. At the time of induction, 
a specific concentration of cysteine i.e., 0 µM, 50 µM and 100 µM was also added, 
respectively. All the cultures were harvested after 6h. Protein expression was analyzed by 
running samples on 18% SDS-PAGE.  
3.28 Expression as soluble or insoluble protein 
IPTG induced culture of transformed BL21C
+
 was pelleted down and resuspended 
in 50 mM Tris-Cl of pH 7.5. Five hundred microliters of samples were taken in sterile 
eppendorf tubes and sonicated for 5 min at the pulse rate of 60 for 20 sec with a cooling 
gap of 2 min. After sonication sample was centrifuged at 12,000x g for 10 min to separate 
the sobluble fraction (supernatant) and inclusion bodies (pellet). Inclusion bodies were 
resuspended in equal volume of 50 mM Tris-Cl, pH 7.5. Both of the fractions were 
loaded on gel for SDS-PAGE to check whether expression is in soluble or insoluble 
fraction. 
3.29 Large scale expression of TfCuMT 
Large Scale (5L) expression of TfCuMT was taken in 2L flasks, each having 500 
ml LB medium. Two percent overnight inoculum was given and flasks were incubated at 
37
o
C for 2-3h until OD600 reached 0.6. IPTG induction (0.1 mM) in the presence of 0.1 
µM cysteine was given for further 6 h. Cultures were poured in 250 ml buckets of 
Beckman coulter and pelleted down by centrifugation at 5,800x g for 10 min at 4
o
C. 
Supernatants were discarded and the pellets were washed with 50 mM Tris-Cl pH 7.5 and 
stored at -80
o
C till further use. 
3.30 Preparation of inclusion bodies 
Inclusion bodies were prepared by disrupting the cells through sonication using 
Ultrasonic Processor (Sonics). Pellet of 5L culture was resuspended in 95 ml Tris-Cl 
buffer (pH7.5). Suspension was shifted to a beaker and a probe of 12 mm was used. Five 
pulses of 1 min with 5 min gap were given at 60 amplitude. Supernatant was removed by 
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centrifugation at 5,800x g value for 10 min and pellet was resuspended in same volume 
of Tris-Cl pH 7.5. Same process of sonication was repeated for 5 to 6 times, each time an 
aliquot was saved for analysis on SDS-PAGE. On completion of sonication 200 µl 
aliquot was taken for protein estimation and remaining sample was centrifuged at 6,800x 
g. Pellet was washed 2-3 times with Tris-Cl buffer (pH 7.5) and saved at -80
o
C till further 
use.    
3.31 Estimation protein in inclusion bodies 
A pellet obtained from 200 µl of sonicated sample by centrifugation was 
solubilized in 5% SDS and centrifuged again at 9,800x g value for 10 min to remove the 
cellular particals. Five microliter (5 µl) of this was solublized in 95 µl of 5% SDS 
solution and its OD280 was taken using 5% SDS as blank. The amount of total proteins 
was taken by using the following formula.  
1 OD280 = 1 mg/ml of proteins 
3.32 Inculsion bodies solubilization 
For solubilizing inclusion bodies, guanidine hydrochloride (GnHCl) buffer of 
pH10 (6M GnHCl, 100 mM Tris-Cl and 1 mM EDTA) was used. A maximum of 6 mg of 
proteins was solubilized in 1 ml of buffer. Sample was centrifuged at 5,800x g for 10 min 
at 4
o
C to separate cell debris from the soluble proteins. Supernatant was mixed with 
Dithiothreitol (DTT) with a final concentration of 2 mM and incubated at 37
o
C for 30 
min for complete reduction of thiol groups(SH) of cysteine residues present in TfCuMT 
protein. The solubilized protein with reduced thiol groups was stored at 4
o
C till further 
processing. 
3.33 Purification of recombinant TfCuMT  
pET28a has a sequence of  six histidine residues. This His-Tag is attached to the 
C-terminal of expressed protein. A single step Nickle ion Affinity chromatography was 
used to purify recombinant TfCuMT. 
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3.34 Nickel chelate chromatography 
Two milliliters of Ni-NTA His-Bind Resin (Novagen) was loaded in an empty 
chromatography column. Resin was washed extensively with distilled water. Resin was 
charged with Ni
++
 ions using 5 ml of 0.5M NiSO4. Column was equilibrated with 10 ml 
of 6M GnHCl and also to remove the unbound Ni
++
. Protein was loaded in the column 
and allowed to pass through the Ni-NTA His-Bind Resin. Column was washed with 
about 10 times volume of wash buffer (0.05M NaCl in 6M Gn HCl) till there was no 
decrease in OD280 of protein flow through. Protein flow-through and eluted wash buffer 
was also saved for SDS-PAGE analysis. Elution was done through a gradient of 
Imidazole. Fractions of all gradients were collected in separate tubes. SDS-PAGE (18%) 
was performed to find the fraction containing eluted TfCuMT.  
After use, resin was washed and incubated with 10 ml of 0.5M NaOH for 30 min. 
Resin was washed extensively with distilled water then soaked in 20% ethanol and stored 
at 4
o
C.  
3.35 Analysis of gene expression at transcriptional level 
Expression of TfCuMT at transcriptional level under different concentrations of 
copper and at different time intervals was studied through Real Time RT-PCR. Fifty cells 
of T. farahensis were inoculated in each of Bold-basal salt medium and Neff‟s medium. 
Cultures were grown to their log phase and expression of TfCuMT with respect to 
different concentrations of copper ions and copper exposure time was studied. 
3.35.1 Primer designing for Real Time-PCR 
Two sets of primers were used for real time PCR analysis of TfCuMT. First set of 
primers was used to amplify a fragment of TfCuMT gene. Second set was to amplify a 
fragment of 18S rRNA gene used as housekeeping gene (normalization factor). Primers 
were synthesized by Macrogen Korea. Sequences and related parameters are given in 
Table 3.4. 
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Table 3.4   Sequence of primer used in Real Time PCR studies of TfCuMT gene.  
Primer 
ID 
Sequence  (5‟               3‟) Tm 
(
o
C) 
Target gene of 
T. farahensis 
Product 
Size 
RT_F 5'  TGATCCTTGCTCTTGTAACCC  3' 59.18 copper 
metallothionein 
120bp 
RT_R 5'  CATTTGCAAGCAGAGGTCTT  3' 58.10 
NF_F2 5'  TTCCGTTAACGAACGAGACC  3' 58.4 18S rRNA gene 97bp 
NF_R2 5'  CTTCCATTGGCTTATTGCACA  3' 57.5 
 
PCR was performed to confirm the cDNA synthesis of both TfCuMT and 18S 
rRNA gene. PCR reaction mixture consisted of 1X Taq Buffer, 2 mM MgCl2, 0.2 mM 
dNTPs, 0.4pmol of each primer, 2.5U of Taq DNA Polymerase and 4ng cDNA. Initially 
PCR was run at 95
o
C for 5 min followed by 35 cycles, each with denaturation at 94
o
C for 
30 sec, annealing at 54
o
C for 25 sec and elongation at 72
o
C for 25 sec. Final elongation 
was given at 72
o
C for 8min.   
Twelve percent polyacrylamide gel electrophoresis (without SDS) was performed 
to analyze the PCR products. Polyacrylamide gel (12 ml) was prepared using 4.8ml of 
30% acryl mix, 1.2 ml of 10X TAE buffer, 6 ml of water, 110 µl of 10% Ammonium per 
sulphate and 24 µl of TEMED.  Electrophoresis was performed at 60V for half an hour. 
3.35.2 Effect of copper ions concentration on TfCuMT expression 
Four flasks, each with twenty milliliters of Bold-basal salt medium were 
inoculated with 50 cells of Tetrahyemna farahensis in triplicates. One of the three 
different concentrations of copper ions (2 µg/ml, 3 µg/ml, and 5 µg/ml) were added to 
each flask at log phase of this growing culture. One was left as negative control. After 15 
min, an aliquot of 1 ml of each culture was taken in microfuges. Organisms were pelleted 
down at 5800x g for 10 min. Supernatant was discarded while pellet was immediately 
subjected to RNA isolation according to the method described at page 45. 
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3.35.3 Spatial quantitative expression of TfCuMT  
 Fifty cells of T. farahensis were inoculated with twenty milliliters (20 ml) of 
Bold-basal salt medium and Neff‟s medium in triplicates. at 27±1⁰C.  At the log phase, 2 
µg/ml of copper was added to Bold-basal salt medium and 10 µg/ml was added to 
modified Neff‟s medium.  An aliquot of 1 ml was taken out form each flask at 0 min, 15 
min, 30 min, 45 min, 60 min and 120 min after copper addition. Each time organisms 
were pelleted down at 5800x g for 10 min. All samples were processed immediately for 
RNA isolation according to the method describe earlier (page 45). 
3.35.4 Real Time PCR 
  Real time PCR was performed using real time PCR kit (fermentas #K0221). The 
reaction mixture contained 10 µl of 2X syber green master mix, 1 µl of each forward and 
reverse primer (0.3 µM), 2 µl of 50X diluted cDNA and 6 µl of nuclease free water. Bio 
Rad PCR plates (containing reaction mixtures) were short spun for 3 to 5 seconds. Real 
time PCR cycle was started with initial denaturation at 95
o
C for 10 min followed by 40 
repeats with denaturation at 95
o
C for 25 sec, annealing at 56
o
C for 25 sec and elongation 
at 72
o
C for 25 sec. A final extension was given for 2 min at 72
o
C.  
Melt curve analysis was performed to check the specificity of amplifications. 
Gradient were performed between 70
o
C to 85
o
C with 0.5
o
C (31 cycles).     
3.35.5  Real Time PCR data analysis 
 Threshold value of amplification of each sample was correlated to the relative 
quantity of 0 mM copper through Pfaffle method (Pfaffle, 2001). Relative quantification 
of TfCuMT was normalized using 18S rRNA as housekeeping gene.  All calculations 
were done by iQ5 software of Bio Rad and manually using Microsoft Excel version 2010. 
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4.1 Metal resistant ciliates  
Growth media were inoculated with samples collected from different metal 
contaminated wastewaters of Hudyara drain, Nala Sarai and Preliminary Tanneries 
Wastewater Treatment Plant at Kasur.   
Table 4.1    Physicochemical parameters and collection dates of different samples collected from 
Hudyara Drain (HD), Nala Sarai (NS) and Preliminary Tanneries Wastewater Treatment 
Plant (TP).  
Collection 
Date 
Sample No. 
Sample 
Name 
Sampling 
Site 
Temperature
*
 
(
o
C) 
pH
* 
02-04-2010 
1 HD_Ap1 HDS1 29.0 ± 0.14 7.6 ± 0.05 
2 HD-AP2 HDS 2 29.5 ±0.13  7.5 ± 0.12 
3 HD_AP3 HDS 3 30.0 ± 0.20 7.8 ± 0.08 
4 HD_AP4 HDS 4 29.0 ± 0.19 7.5 ± 0.10 
10-04-2010 
5 NS-AP1 NSS 1 29.5 ± 0.17 7.2 ± 0.13 
6 NS-AP2 NSS 2 29.0 ± 0.22 7.1 ± 0.11 
7 NS-AP3 NSS 3 30.5 ± 0.14 7.3 ± 0.09 
17-04-2010 
8 TP_AP1 PTP1 31.0 ± 0.17 7.5 ± 0.08 
9 TP_AP2 PTP 2 29.5 ± 0.23 7.5 ± 0.14 
10 TP_AP3 PTP 3 30.5 ± 0.22 7.6 ± 0.15 
05-07-2010 
11 HD_Jul1 HDS 1 35.0 ± 0.25 7.6 ± 0.10 
12 HD_Jul2 HDS 2 36.0 ± 0.21 7.6 ± 0.12 
13 HD_Jul3 HDS 3 36.0 ± 0.17 7.8 ± 0.15 
14 HD_Jul4 HDS 4 35.5 ± 0.19 7.9 ± 0.13 
13-07-2010 
15 NS_Jul1 NSS 1 37.0 ± 0.16 6.8 ± 0.06 
16 NS_Jul2 NSS 2 36.0 ± 0.21 6.9 ± 0.06 
17 NS_Jul3 NSS 3 36.5 ± 0.15 7.0 ± 0.08 
24-07-2010 
18 TP_Jul1 PTP 1 34.5 ± 0.12 7.4 ± 0.11 
19 TP_Jul2 PTP 2 35.0 ± 0.22 7.4 ± 0.13 
20 TP_Jul3 PTP 3 34.6 ± 0.25 7.5 ± 0.14 
 
*  
Mean ± SEM;  HD, Hundyara drain; NS, Nala Sarai; TP, Treatment plant; S, site. 
 
Detail of sample collection sites and physical parameters is given in Table 4.1. 
The average temperature at different sampling sites in April varied from 29
o
C to 31
o
C 
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while it ranged from 33
o
C to 37
o
C during the month of July, 2010. The pH at different 
sampling sites ranged from 6.8 to 7.9.   
Growth was observed after two days of inoculation. All of the samples had some 
algal and fungal growth. Among protozoa, zooflagelates were observed in all the six 
samples of Nala Sarai and in one sample (TP_AP3) of Preliminary Tanneries Wastewater 
Treatment Plant.  Among ciliates, Paramecium were observed in three samples of Nala 
Sarai (NS_AP2, NS_AP3, NS_Jul2 ) and in one sample of Tanneries Wastewater 
Treatment Plant (TP_AP2) while Tetrahymena were present in two samples of 
Preliminary Tanneries Wastewater Treatment Plant (TP_AP1, TP_Jul2). 
4.2 Tetrahymena isolates 
 Tetrahymena farahensis (Tetrahymena 1.7) cells were identified under the light 
microscope at 100X on the basis of their morphological appearance. They were 
recognized by one pointed and the other broader end, centrally positioned nucleus, 
ciliated oral groove near the pointed end and the characteristic longitudinal pattern of 
ciliary linings (Fig. 4.1). The average size of T. farahensis varies from 26.5 µm - 43 µm 
in length and 21 µm - 35.5 µm in width. Different stages of asexual reproduction were 
also clearly visible under the microscope (Fig. 4.2).    
  
Fig. 4.1. T. farahensis microscopic observation at 100X. Different cellular structures including nucleus, 
oral groove, contractile vacuoles are observed easily. 
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Fig. 4.2. Different stages of asexual reproduction in T. farahensis. A: interphase cell, B: nuclear division 
proceeds and cytokinesis also starts, C: nuclear division has completed while cytokinesis is at its 
final stage, D: birth of two daughter cells.  
4.3 Copper resistant T. farahensis  
 Copper resistant Tetrahymena (T. farahensis) were isolated by adding 
copper ions at the rate of 1 µg/ml to the culture growing in Bold-basal salt medium for 
three days. The surviving organisms were considered as metal resistant.  
4.4 Growth characteristics of T. farahensis 
Growth pattern of T. farahensis was studied in Bold-basal salt medium, Wheat 
grain medium, modified Neff‟s medium and copper supplemented Neff‟s medium at 
27±1
o
C and pH 7.5. The organisms showed lag phase for 24 h in all different types of 
growth media. For the next two days, organisms entered the log phase and reached their 
maximum after three days. In wheat grain medium, the number of organisms increased 
from 4 cells/ml to 6.5 x 10
4
 cells/ml, while in the case of Bold-basal salt medium number 
of organisms increased from 4cells/ml to 8.0 x10
4
 cells/ml, during log phase (Fig.4.3a). 
However, quite a significant increase in the number of cells per ml was observed in 
modified Neff‟s medium and copper supplemented Neff‟s medium where it reached 
approximately 1.0 x 10
6 
cells/ml and 2.0 x 10
6
cell/ml, respectively, during their log phase 
(Fig. 4.3b). The order of growth in different growth media was: Cu supplemented Neff‟s 
medium > modified Neff‟s medium > Bold-basal salt medium > wheat grain medium 
(Fig. 4.4).  
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Fig. 4.3. Growth of T. farahensis in different media. Growth rate in modified Neff‟s medium and copper 
supplemented Neff‟s medium is much higher probably due to different mode of nutrition i.e., 
absorptive heterotroph in Neff‟s medium and copper supplemented Neff‟s medium while 
predatory feeding in Bold-basal salt medium and wheat grain medium. 
 
 
Fig.4.4. Comparison in optimum growth of T. farahensis at log phase using different growth media. 
Maximum number of organisms/ml were observed in copper supplemented modified Neff‟s 
medium. The difference in number of cells/ml mainly appears due to availability of nutrient and 
mode of nutrition, bacterivorous in case of wheat grain medium and Bold-basal salt medium while 
surface absorptive in case of Neff‟s medium and copper supplemented Neff‟s medium. 
In contrast to growth observed in different media, the comparative life span of T. 
farahensis population was 3 folds higher in Bold-basal salt medium and wheat grain 
medium as compared to modified Neff‟s medium and Cu supplemented Neff‟s medium. 
In first case they survived for more than six weeks, while in later case no organism 
survived after two weeks of inoculation (Fig.4.5). The population life span is in the order 
of: wheat grain medium ≈ Bold-basal salt medium > modified Neff‟s medium ≈ Cu 
supplemented Neff‟s medium.  
a b 
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Fig. 4.5. Comparative life span of T. farahensis in different growth media. Number of cells/ml in modified 
Neff‟s is much higher than Bold-basalJ salt medium but life span in modified Neff‟s medium is 
less than half as compared to Bold-basal salt medium. 
4.4.1 Effect of temperature on growth 
Optimum temperature for growth of T. farahensis in all three media was 
determined by incubation at four different temperatures.  pH of all media was adjusted to 
7.5±0.2. Fig.4.6 shows the comparative growth of T. farahensis at different temperatures. 
 
temperatures. 
Fig. 4.6. Growth curves of T. farahensis at different temperatures. In all three different types of media, 
27
o
C is optimum temperature with the highest growth rate while 40
o
C appears to be the adverse 
one with the lowest number of cells per ml (initial reading is 2.5 cells/ml).  
a b 
c 
Results 
 
66 
 
Optimum temperature for growth is 27±1oC in all three media i.e., modified Neff‟s, Bold-
basal and wheat grain media where total no. of cells reached 1.0 x 10
6
cells/ml, 8.0 x 
10
4
cells/ml and 5.5 x 10
4 
cells/ml respectively, while 42
o
C appears to be the most adverse 
temperature for growth of T. farahensis. The overall growth pattern of organisms in all 
media remained nearly the same.   
4.4.2 Effect of pH on growth 
Effect of hydrogen ion concentration on the growth of T. farahensis is shown in 
Fig.4.7. Organisms were able to grow in a pH range of 6.5 to 8.0. At pH 7.0 to 7.5 
(average pH 7.25) T. farahensis showed optimum growth rate in all four types of media. 
Growth at pH 7.0 and 7.5 is almost double as compare to pH 6.5 and pH 8.0. No growth 
was observed at pH 5.5 or pH 8.5. Organisms grow at a narrow range of pH. Hydrogen 
ion concentration appears more crucial for growth of T. farahensis as compared to change 
in temperature. 
 
Fig. 4.7. Growth curves of T. farahensis depicting the effect of change in pH.  Organisms showed 
lowest growth at pH 6.0 and pH 8.0. Maximum growth was observed at pH 7.0 and 7.5 
(average pH 7.25) in Bold-basal salt medium (a) 4 days after inoculation. In wheat grain 
medium (b), this growth was obtained after 4 days of inoculation but at pH 7.0-7.5 (average 
pH 7.25). In modified Neff‟s medium (c), the growth peak was obtained three days after 
inoculation at pH 7.0-7.5 (average pH 7.25).    
 
a 
c 
b 
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4.4.3 Effect of copper ions on growth in Bold-basal medium, wheat grain medium 
and Neff’s medium 
Fig. 4.8 shows the growth of T. farahensis under normal and copper stressed 
conditions. In case of Bold-basal salt medium and wheat grain medium, copper was 
added at the rate of 1 µg/ml/day while in case of modified Neff‟s medium, copper was 
added at the rate of 10 µg/ml/day since second day of inoculation. Copper addition was 
continued for further 10 days. Under normal conditions the organisms attain maximum 
growth after 3 days of inoculation, however under stressed conditions the growth is 
slightly delayed and maximum number of cells per ml were obtained after 4 days of 
inoculation instead of 3 days, while in case of modified Neff‟s medium the optimum 
growth was observed after 3 days. In Bold-basal salt medium copper stress rendered the 
growth to 3.5 x 10
4 
cell/ml, about half of the normal growth (8.0 x 10
4
 cells/ml). Same 
was the case with wheat grain medium where copper stressed culture could reach the 
density of 2.2 x 10
4
 cells/ml, while non-stressed culture showed the growth of 5.5 x 10
4
 
cells/ml. In the case of modified Neff‟s medium, copper stress reduced the growth about 
4.9 folds (2.0 x 10
5
 cells/ml) compared to that in of the normal Neff‟s medium (1.0 x 106  
 
 
Fig. 4.8. Effect of copper stress on growth of T. farahensis in different media. Under stressed conditions 
optimum growth was observed after 4 days (a, b). However, in case of modified Neff‟s medium it 
was maximum after 3 days (c).  Moreover, organisms showed an early death under stress conditions 
probably due to copper lethality. 
a b 
c 
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cells/ml) and 9.8 folds less than that in Cu-supplemented Neff‟s medium (1.9 x 106 
cells/ml). Metal stress has also resulted in decreased life span of T. farahensis. In the case 
of Bold-basal salt medium, Wheat grain medium and modified Neff‟s medium, 
organisms survived only for 9, 8 and 9 days, respectively. Organisms showed optimum 
growth under copper stress after four days of inoculation instead of three days under non 
stressed conditions. 
4.5 Copper supplemented Neff’s medium 
Different concentrations of copper ions were provided to the T. farahensis cells 
growing in modified Neff‟s medium. Fig. 4.9 shows the effect of copper ions on the 
growth of T. farahensis. It is obvious from the graph that addition of copper in lower 
amount boosts the growth of T. farahensis. There is about two fold increase in the 
number of cells per ml in the presence of copper i.e., 5 µg/ml/day. However no growth 
was observed after 10
th
 day as compared to normal 15 days. This indicates that lethal 
concentration of copper required for inhibition of growth may have been achieved.   
 
 
Fig. 4.9. Comparative growth of T. farahensis in modified Neff‟s medium under different concentrations of 
copper. The supplementation of 1 µg/ml and 5 µg/ml resulted a boost in the growth of T. 
farahensis higher than the normal growth. This  shows that low conc. of copper has a positive 
effect on growth rate of T. farahensis. 
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4.6 Cu uptake ability of T. farahensis 
 Copper uptake was determined in both Bold-basal salt medium and modified 
Neff‟s medium. Growing cultures were exposed to 500 µM copper. Tetrahymena showed 
an increase in copper uptake with increasing time of metal exposure. Fig.4.10 shows the 
removal of copper ions from the medium by the T. farahensis. After 24 h of metal 
exposure 35.6% of the metal was removed from the medium, 45.6% after 48 h, 51.2% 
after 72 h while it was 54.9% after 96 h.  
 
Fig. 4.10. Copper ions uptake by T. farahensis from modified Neff‟s medium at pH 7.5 and 27±1⁰C. 
Organisms showed maximum uptake during first 24 h then it declines. A total of 54.9% of 
copper ions were   removed from the medium during 96 h of metal exposure.    
4.7 Effect of copper ions concentration on metal uptake  
Four triplicates of T. farahensis growing in Neff‟s medium were exposed to four 
different copper ions concentrations i.e., 78.68 µM, 157.36 µM, 786.8 µM and 1573.6 
µM during log phase. After 5 h, T. farahensis showed 7.17 µM, 87.49 µM, 153.83 µM 
and 120.85 µM copper uptake at the above mentioned concentrations, respectively. Fig. 
4.11 shows copper uptake in modified Neff‟s medium at different time intervals. 
Following things were observed: 
 The pattern of copper uptake is same for all different concentrations of copper 
ions. 
 There is an increase in metal uptake by increasing the time of copper exposure. 
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 However, 786.6 µM seems to be the optimum concentration, which is taken by 
the ciliates to the maximum. It appears the channels through which Cu
++
 is 
uptaken are fully utilized. If the concentration of Cu
++
 is increased in the 
medium, then since all the channels are already open the extra concentration of 
Cu
++
 will not affect the uptake capacity. At low concentrations, apparently the 
concentration of Cu
++
 is low compared to the number of gates through which 
Cu
++
 can enter the cells.   
 
Fig. 4.11. Copper ions uptake by T. farahensis at different intervals using different concentrations of metal 
ions. Tetrahymena showed a increase in metal uptake upto a 50 µg/ml stress level. At 100 µg/ml 
stress level, there is a decrease in metal uptake, mainly due to decrease in viable count.  
 
4.8 Copper uptake at different time intervals 
 Copper uptake at different time intervals appears to be dependent on metal ion 
concentration and exposure time. It appears to be a bimodal uptake. At 78.67 µM (5 
µg/ml) and 157.35 µM (10 µg/ml), the uptake reaches maximum within 30 min of copper 
exposure, followed by a decrease in Cu
++
 taken up by the cell, but is starts picking up 
again after 2 h and reaches the maximum level after 5 h (Fig.4.12 a and b). At 786.6 µM 
(50 µg/ml) concentration, the Cu
++
 uptake was maximum within 15 min, followed by a 
decreased uptake up to 2 h, then again an increase in Cu
++
 uptake was observed after 5 h 
(Fig.12c). In case of 1573.5 µM (100 µg/ml) metal stress, Cu
++
 uptake was maximum 
during the first 15 min followed by decreased Cu
++
 uptake. No bimodal uptake was 
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observed after 1573.5 µM Cu
++
 stress (Fig.12d). The spatial shift in copper uptake (from 
30 min to 15 min) by increasing Cu
++
 concentration is also clearly shown in Fig. 4.12. 
   
Fig. 4.12. Copper uptake at different concentrations of metal ions. At 78.67 µM and 157.35 µM  copper ion 
concentration metal uptake was maximum from 15 to 30 min.  However at 786.7 µM and 1573.5 
µM metal ion concentrations, T. farahensis showed an optimum metal uptake from 0 to 15 min 
 
4.9 Molecular identification of T. farahensis on the basis of 18SrDNA analysis 
Morphological similarities have made Tetrahymena difficult to identify them at 
their species level. DNA barcoding is the identification of a species on the basis of the 
sequence of a DNA fragment. T. farahensis barcoding was done on the basis of SS rRNA 
gene and cytochrome c oxidase subunit1 gene sequences. 
Genomic DNA of T. farahensis was isolated (Fig. 4.13), amplified for small 
subunit ribosomal RNA gene (see 1.8kb bands in Fig. 4.14) and used for cloning in 
pTZR/T. Fig. 4.15 shows the single and double restriction of recombinant plasmid. Single 
restriction shows a 4.5kb band which is 2.8kb of vector and insert 1.8kb insert. In double 
restriction, two bands appeared, 2.8kb vector band and  1.8kb insert. 
 
a b 
c d 
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Fig. 4.13. Agarose gel electrophoresis of genomic DNA of T. farahensis. 1 and 2, genomic DNA; M, 10kb 
DNA ladder mix.  
 
 
Fig. 4.14.  PCR amplification of 18S rRNA gene of T. farahensis. 1, 2, 3, 4 and 5 amplified 18S rRNA 
gene; M, DNA Marker. 
Nucleotide sequencing of the gene showed 1753 nucleotides (EMBL gene bank with 
accession number HE820726). nBLAST of 1753 nucleotides of SS rRNA gene of T. 
farahensis showed 99% homology with seven different species of genus Tetrahymena. 
Multiple sequence alignment of closely related Tetrahymena using ClustalW2 showed 
variation in nucleotides. Table 4.2 shows the variations of nucleotides within SS rRNA  
1.8kb 
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Fig. 4.15. Restriction analysis of recombinant pTZ57R/T. M, DNA marker; L1, single restriction of 
recombinanat plasmids using EcoR1restriction enzyme; L2, double restriction of recombintant 
pTZ57R/T with EcoR1 and HindIII, upper fragment at 2.8kb shows vector while lower band at 
1.8kb indicate SS rRNA gene. Both restrictions confirm the ligation of 18S rRNA gene. 
  
gene of Tetrahymena genus. Four regions within the SS rRNA gene i.e., 268-277, 485-
488, 1329-1343 and 1660-1672 were identified as more variable. Both transition and 
transversion mutations were observed, however transversions were of relatively higher 
frequency. Transition T→A was observed at 268, 277, 285, 486 and 519 nucleotide 
positions while transition A→T was observed at 487, 661 and 1037. There was no C→G 
or G→C transition observed in the sequence. In case of transverions, A↔G mutations 
were observed at 269, 274, 672, 723, 724, 1343, 1458, 1662, 1671 and 1674. Similarly, 
C↔T transversions are observed at 271, 276, 753, 1329, 1330, 1337, 1660, 1663 and 
1672 positions. While there was only one A→C transversion at 513 nucleotide position 
and two G↔T transversions at 1373 and 1535 nucleotide positions.  
 The comparison of SS rRNA gene sequence of T. farahensis with other species of 
genus Tetrahymena shows that the gene is highly conserved with the exception of few 
intragenic semi-conserved regions which are helpful in establishing the phylogenetic 
relationships among different members of genus Tetrahymena.   
  
4.68kb 
2.88kb 
1.8kb 
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  268 269 271 274 276 277 485 486 487 488 513 519 661 672 723 724 753 
  T/A/
C 
A/G C G T T/A/G T T/A A - A T A/T R(A/G) R(A/G) R(A/G) Y(C/T) 
1 T. farahensis A G T A C T A T T C C A T A A A C 
2 T. Bergeri C     G  T     T A G A C 
3 T. Americanis T     A  A     A G G G T 
4 T. Asiatica T     A  A     A G G G T 
5 T. Australis T     A  A     A G G G T 
6 T. Borealis A     T C T     T A A A C 
7 T. canadesis A     T C T     T A A A C 
8 T. Capricornis T     A  A     A G G G T 
9 T. Caudata A     T  C     A G G A T 
10 T. Vorax A     T  T     T A A A C 
11 T. Corlissi C     G  T     T A G A C 
12 T. Cosmopolitanis T     A  A     A G G G T 
13 T. Elliotti A     T C T     G A A A C 
14 T. Empidokyrea T     A  A     A A G A T 
15 T. Farleyi A G    T C T     T A A A C 
16 T. Furgasoni A G    T C T     T A A A C 
17 T. Hegewischi T     A  A     A G G G T 
18 T. Hyperangularis T     A  A     A G G G T 
19 T. Leucophrys A     T  T    A A A A A C 
20 T. Limacis A     T C T     T A A A C 
21 T. Lwoffi A G    T C T     T A A A C 
22 T. Malaccensis A G T A C T A T  C C A T A A A C 
23 T. Mimbres A     T  T     G A A A C 
24 T. Mobilis A G    T C T    A T A A A C 
25 T. Nanneyi T     A  A     A G G G T 
26 T. Nipissingi T     A  A     A G G G T 
27 T. Patula T     A  A     A G G G T 
28 T. Pigmentosa T     A  A     A G G G T 
29 T. Pyriformis A     T  T    A A A A A C 
30 T. Rostrata A     T C T     T A A A C 
31 T. Setosa A     T  T    A A A A A C 
32 T. Silvana A     T  T    A T A A  A C 
33 T. Sonneborni T     A  A     A G G G T 
34 T. Thermophila A G T A C T  T  C C A T A A A C 
35 T. Tropicalis A G    T C T    A T A A A C 
 
Table 4.2. Point Mutations in SS rRNA gene sequence of T. farahensis in comparison with SSrRNA genes of other members of genus 
Tetrahymena.  
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  1037 1329 1330 1337 1343 1373 1458 1535 1660 1662 1663 1671 1672 1674 
  A/T Y(C/T) Y(C/T) C R(A/G) G G K(T/G) C/T R(A/G) Y(C/T) R(A/G) Y(C/T) R(A/G) 
1 T. farahensis A C T T G T A G C A C G T G 
2 T. Bergeri A C T  G   G C G T A C G 
3 T. Americanis T C C  G   T T A C G T A 
4 T. Asiatica T T C  A   T T A C G T A 
5 T. Australis T C C  G   T T A C G T A 
6 T. Borealis A C T  G   G C G T A C G 
7 T. canadesis A C T  G   G C G T A C G 
8 T. Capricornis T T C  A   T T A C G T A 
9 T. Caudata T C C  G   T C A C G T G 
10 T. Vorax A C T  G   G C G T A C G 
11 T. Corlissi A C T  G   G C A T A T G 
12 T. Cosmopolitanis T T C T A   T T A C G T A 
13 T. Elliotti C C T  G   G C G T A C G 
14 T. Empidokyrea T T C  A   T C G C G C G 
15 T. Farleyi A C T  G   G C A T A T G 
16 T. Furgasoni A C T  G   G C A T A T G 
17 T. Hegewischi T C C  G   T T A C G T A 
18 T. Hyperangularis T T C T A   T T A C G T A 
19 T. Leucophrys A T C  A   G C G T A C G 
20 T. Limacis A C T  G   G C G T A C G 
21 T. Lwoffi A C T  G   G C A T A T G 
22 T. Malaccensis A C G T G T A G C A C G T G 
23 T. Mimbres C C T  G C  G C A T A T G 
24 T. Mobilis A C T  G   G C A T A T G 
25 T. Nanneyi T T C T A   T T A C G T A 
26 T. Nipissingi T T C T A   T T A C G T A 
27 T. Patula T T C  A   T T A C G T A 
28 T. Pigmentosa T T C T A   T T A C G T A 
29 T. Pyriformis A C T  G   G C G T A C G 
30 T. Rostrata A C T  G   G C G T A C G 
31 T. Setosa A C T  G   G C G T A C G 
32 T. Silvana A C T  G   G C G T A C G 
33 T. Sonneborni T T C T A   T T A C G T A 
34 T. Thermophila A C T T G T A G C A C G T G 
35 T. Tropicalis A C T  G   G C A T A T G 
 
Table 4.2.  Cont.  
7
5 
Results 
 
76 
 
4.10 Secondary structure of 18S rRNA 
The secondary structures models of SSUrRNAs are being used as topographical 
markers for the analysis of phylogenetic affiliations. These indispensable marker systems 
have proven to be helpful in exploring potentially useful information among closely and 
remotely related organisms. Secondary structure models for SSUrRNAs have been 
documented by various authors (Hirt et al., 1994; Struder- Kypke et al., 2001; Wuyts et 
al., 2001; Xia et al., 2011; Lee and Gutell, 2012). Due to the slowly evolving property of 
18S rRNA the basic molecular structure of all eukaryotes is conserved throughout 
evolution except for the nine expansion segments (V1-V9). Among these major lengths 
variable regions, V2, V4 and V7 have been reported as fast evolving segments (Hwang et 
al., 2000; Alkemar and Nygard, 2003, 2004; Alvares et al., 2004). V6 is thought to be the 
least variable region in all eukaryotes (Gonzalez and Schmickel, 1986). The Tetrahymena 
species of present study showed close resemblance with Tetrahymena thermophila in the 
phylogenetic tree which was constructed by aligning the present sequence with other 
known Tetrahymena sequences on the basis of similarity in the primary structure. For 
comparative analysis secondary structure models of 18S rRNAs of both closely related 
species were constructed. Structures shown in Fig. 4.16 are folded into 40 helices. 
Helices numbering system was followed by Nelles et al, 1984. There are total 18 
variation sites observed, 17 substitutional differences and the deletion of single 
nucleotide in Tetrahymena. Nearly all of the variability is contributed by 6 major variable 
lengths, namely, V2, V3, V4, V7, V8 and V9. In both models, V1, V5 and V6 regions 
appeared as highly conserved with compound single helices. Within V2 region, the helix 
8 showed hypervariabilty with five substitutional differences which resulted in several 
different motifs of Tetrahymena as compared to T. thermophila. G at position 262 within 
the internal loop of 8_a helix in T. thermophila is replaced by A in terminal bulge of its 
corresponding helix in Tetrahymena. A compensatory substitution in this helix A:U 
(256:268) is replaced by G:C (268:275) in T. thermophila. Another compensatory 
mutation U:A (270:273) is represented by T. thermophila which replaced the single 
nucleotide bulge C at position 270 of Tetahymena. The overall configuration of helix 8 
showed the general trend of more canonical base pairs as opposed to non canonical base 
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pairs in Tetrahymena which resulted in partition of this helix into two sub helices in T. 
thermophila. In V3 region the helix 14 showed the absence of one nucleotide in 
Terahymena as opposed to its presence C (487) in homologous helix of T. thermophila.
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 (b) 
Fig. 4.16. Secdondary structure of  SS rRNA gene. (a) Locally isolated T. farahensis variations are 
highlighted as red marks in comparison with already reported Tetrahymena thermophila (b), 
showing variable regions. Variations (red marks) are observed in V2, V7 and V3.    
(a) 
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Helix 15 represented two substitutional mutations; A (511, Tetrahymena) replaced by C 
(512, T. thermophila) and U (517, Tetrahymena) replaced by A (518, T. thermophila). 
These substitutions and the deletion of one nucleotide replaced this two consecutive 
looped helix of Tetrahymena with one internal looped helix of T. thermophila. Helix 19 
in V4 region appeared as independent helix in Tetrahymena whereas in T. thermophila 
this is found to be joined to helix 8. There is one compensatory substitution; C:G 
(652:655, Tetrahymena) replaced by U:A (653:245, Tetrahymena) and another base 
change of A (659, Tetrahymena) by U (660, T. thermophila) in this helix. Two other 
substitutional mutations within the helix 21 resulted in bifurcation of this helix in 
Tetrahymena as opposed to the single long helix in T. thermophila. Six additional base 
changes observed in the sequences of V7, V8 and V9 portions of both species but with no 
effect on folding configuration. From the conserved arrangement of these helices, it can 
be deduced that all of the mutations are found either in internal or terminal bulges which 
retained the stable structural configuration in both species. 
 
 
 
Results 
 
79 
 
 
 
 
 
 
 
 
Results 
 
80 
 
 
 
Fig. 4. 17. Multiple alignment for SS rRNA gene of T. farahensis along with closely related Tetrahymena 
species shows variable regions V1-V9. Transversions and transitions are enclosed by rectangle 
and oval shapes, respectively. Insertion is indicated by a symbol .  
4.11 Phylogenetic analysis of T. farahensis on the basis of 18S rRNA gene 
Phylogenetic analysis of T. farahensis with other species was performed by 
drawing phylogenetic trees using Maximum likelihood method (Fig. 4.18) and Neighbour 
joining  method (Fig. 4.19) on the basis of their SS rRNA gene. All different species of 
Tetrahymena are clustered in different groups, termed as ribosets by Nanney et al. 
(1989). T. farahensis appears along with T. malaccensis and T. thermophila, which are 
the members of ribose A1. While considering the major grouping T. farahensis appears to 
be a member of borealis group instead of australis group. Distance matrix of SS rRNA 
gene of T. farahensis (Table 4.3) shows its similarties and differences with the closely 
related Tetrahymena species. 
Table 4.3. Distance matrix for SS rRNA gene of T. farahensis, new species shows its percent identity 
and divergence with other closely related Tetrahymena species. 
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Fig. 4.18. Phylegenetic tree of locally isolated T. farahensis (tz-sbs) using 18S rRNA gene sequence based 
on Maximum likelihood. The organism shows a close evolutionary relationship with 
T.thermophila and T.malaccensis.  
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Fig. 4.19. Phylegenetic tree of locally isolated T. farahensis (tz-sbs) using Neighbour joining method based 
on18S rRNA gene sequence. The organism shows a close evolutionary relationship with 
T.thermophila and T.malaccensis. 
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4.12 Molecular identification of T. farahensis on the basis of cytochrome c oxidase 
gene 
Tetrahymena 18S rRNA gene is highly conserved and it is very difficlut to 
distinguish between different species on the basis of their 18S rRNA gene sequence. 
Cytochrome c oxidase subunit 1 is more variable and used by the protozologists to 
discriminate different species of Tetrahymena and other ciliates. A 986 nucleotide 
fragment of cytochrome c oxidase subunit 1 gene was amplified. Fig. 4.20 shows the 
amplification of required fragment. The amplified fragment of cytochrome c oxidase 
subunit 1 was cloned in pTZ57R/T. 
 
Fig. 4.20. In vitro amplification of a selected fragment of cytochrome c oxidase. L1, DNA ladder mix; L2 
and L3, amplified fragment of cytochrome c oxidase appearing  ≈ 1 kb size. 
Cloned fragment of cytochrome c oxidase subunit 1 gene was sequenced from 
Macrogen Korea using M13 forward and reverse primers. Peaks read through Chromas 
Lite 2.1 showed a 986 nucleotide fragment of COX1. NCBI nucleotide BLAST of T. 
farahensis COX 1 showed 91% homology with T. thermophila with 99% query coverage. 
The amplified sequence is homologous to 38427- 39412 nucleotides of cytochrome c 
oxidase subunit1 of Tetrahymena thermophila. Sequence was submitted to EMBL 
nucleotide sequence database. Multiple sequence alignment of T. farahensis COX1 (Fig. 
4.21) was performed with already reported COX1 of different Tetraymena species. 
Multiple sequence alignment shows that the gene is quit variable as compared to SS 
986bp 
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rRNA. Table 4.4 shows the distance matrix indicating the identities and divergences of 
the closely related Tetrahymena species.  
 
 
 
 
 
 
 
Fig. 4.21. Multiple sequence alignment of selected fragment of T. farahensis mitochondrial COX 1 with different 
species of genus Tetrahymena.  The gene appears to be highly variable as compared to nuclear genes.   
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Table 4.4. Distance matrix for COX1of T. farahensis, new species shows its percent identity and 
divergence with other closely related Tetrahymena species. 
 
 
4.13 Phylogenetic analysis of T. farahensis 
COX1 appears to be a more variable phylogenetic marker as compared to SS 
rRNA gene. Fig. 4.22 shows the phylogenetic tree of T. farahensis inferred on the basis 
of Maximum likelihood method while Fig. 4.23 shows phylogenetic tree inferred on the 
basis of Neighbour joining method using cytochrome c oxidase subunit 1 nucleotide 
sequences. T. farahensis retains its homology with the same species as in case of SS 
rRNA gene. The branching pattern is supported by a high boot strap value. 
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Fig. 4.22. Phylogentic tree of T. farahensis on the basis of the sequence of fragment of Cytochrome c 
oxidase subunit 1 (1.7cox) using Maximum likelihood method. T. farahensis falls in same clade 
along with T.thermophila and T.malaccensis as observed in the above tree based on 18S rRNA 
gene sequence. 
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Fig. 4.23. Phylogentic tree of T. farahensis on the basis of the sequence of fragment of Cytochrome c 
oxidase subunit 1 (1.7cox) using Neighbour joining method. T. farahensis appears in close 
association with the T. paravorax, supported in high boot strap value. Over all it is in the same 
clade along with T.thermophila and T.malaccensis. 
Results 
 
88 
 
4.14  Copper metallothionein gene of T. farahensis 
Genomic DNA of T. farahensis was isolated by phenol chloroform method. 
Copper metallothionein gene (TfCuMT) was amplified through PCR, using genomic 
DNA as template in the presence of degenerate primers. A 327bp PCR amplified product 
was obtained (Fig. 4.24), which was then sequenced.  The sequencing results showed 
83% homology of amplified product with T. thermophila copper metallothionein 
(MTT2). It showed a close homology with isoform 2 of copper metallothionein. The 
sequence was submitted to NCBI gene bank under the accession number HE820725. 
Same primers were used to amplify the MTT2 gene from mRNA. The sequencing 
results showed 100% homology with MTT2 amplified from genomic DNA which 
confirms that metallothionein gene is intronless. 
             
 
 
 
 
 
 
 
Fig. 4.24. PCR amplification of 327bp copper metallothionein. A). 1, PCR product of TfCuMT; M, DNA 
marker. B). gene clean of amplified TfCuMT. M, DNA mrker; 1, gene clean product. 
 
DH5α cells were transformed with the recombinant DNA comprising the 
amplified product of 327pb ligated in the pTZ57R/T cloning vector. Recombinant 
colonies were inoculated in LB medium and plasmids were isolated using alkaline lysis 
method. Fig. 4.25 shows the single and double restriction of recombinant pTZ57R 
harboring 327bp TfCuMT using HindIII, EcoR1 and HindIII respectively.  
A B 
327bp 327bp 
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Fig. 4.25. Restriction analysis of isolated plasmids to confirm TfCuMT containing recombinant pTZ57R-
327. M1, marker; L1 double restriction of recombinant pTZ57R-327 using EcoR1 and HindIII; 
L2, single restriction of recombinant pTZ57R-327 using EcoR1. 
4.15 Characteristics of TfCuMT of T. farahensis 
 Translated sequence shows that 327 nucleotide sequence of TfCuMT encodes 
108 amino acids polypeptide chain with ATG as start codon and TGA as stop codon. 
TGA and TAA which are stop codons for bacteria and other eukaryotes encode glutamine 
in ciliates and are present within the coding region of the gene. TAG codon is present at 
positions 4 and 6 while TAA is present at 56 and 96 positions. The gene is intronless as 
evident by the cDNA sequence. The protein has cysteine as the most abundant  amino 
acid residue making 30.6% of the total amino acids, while lysine and threonine account 
for 10.2% each. Negatively charged amino acids constitute 7%, while positively charged 
amino acids contribute 11% of the total amino acids.  Molecular weight of the protein is 
11.36kDa and theoretical PI is 8.0. Its instability index is -40.47 showing that this protein 
is unstable.  Fig. 4.26 shows the TfCuMT nucleotide sequences and the resulting amino 
acids sequence. 
Copper metallothionein polypeptide showed conserved cysteine residues which are in 
agreement with their function. The polypeptide chain consists of one CxxC, one CxCC 
and fourteen CxC motifs. Fig. 4.27 shows the percentage of different cysteine motifs 
present in TfCuMT. These motifs of cysteine amino acids are arranged in five consistent 
repeats. CxCxxCxCxxxCxC, CxCxxCxxCxxCxCxxCxC, CxCxxCxCxxCxCC, 
CxCxxCxCxxCxC and CxCxxCxCxxCxC. Multiple sequence alignment of TfCuMT with 
L1, 2.8kb 
L2, 3.2kb 
~400bp 
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already reported Tetrahyema copper metallothioneins (Fig. 4.28) shows that CxC motif 
are highly conserved.  
Atg gat acg tag acg tag acg aaa ctc acc gtt gga tgc aag tgc  
 M   D   T   Q   T   Q   T   K   L   T   V   G   C   K   C   
aac ccc tgc aag tgt caa ccc ctc tgc aaa tgt gga act acc tct  
 N   P   C   K   C   Q   P   L   C   K   C   G   T   T   S    
tct tgc aac tgc caa cct tgt gaa aac tgt Gat cct tgc tct tgt  
 S   C   N   C   Q   P   C   E   N   C   D   P   C   S   C  
aac ccc tgc aaa tgt gga gcc act gaa agt tgc taa tgc aat cct  
 N   P   C   K   C   G   A   T   E   S   C   Q   C   N   P  
Tgt aaa tgt gct gaa tgc aaa tgc tgt act cat gct gtt aag acc  
 C   K   C   A   E   C   K   C   C   T   H   A   V   K   T    
tct gct tgc aaa tgc Gac ccc tgc tct tgc aat cct tgc aag tgt 
 S   A   C   K   C   D   P   C   S   C   N   P   C   K   C    
gga gtt act caa agc tgc taa tgc aac cct Tgc act tgt gct gaa 
 G   V   T   Q   S   C   Q   C   N   P   C   T   C   A   E    
tgc aaa tgc tga 
 C   K   C   -     
Fig. 4.26. Nucleotide sequence of TfCuMT and deduced amino acid sequence of polypepetide chain. 
Cysteine codons are highlighted in blue while stop codon within the peptide sequence are 
highlighted in yellow colour.   
Met D T Q T Q T K L T V G C K C N P C K C Q P L C K C G T T S S C N C Q P 
C E N C D P C S C N P C K C G A T E S C Q C N P C K C A E C K C C T H A V 
K T S A C K C D P C S C N P C K C G V T Q S C Q C N P C T C A E C K C - 
 
 
 
 
 
Fig. 4.27. Percentage distribution of cysteine in different motifs of TfCuMT. Most of the cysteine residues 
are arranged in CXC pattern covering about 84.85% of the total cysteine residues. The rest are 
present as CXCC (9.09%) and CXXC (6.06%).  
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AY204351_T.thermophila      MDTQTQTKVTVGCSCNPCKCQPLCKCGTTAACNCQPCENCDPCSCNPCKC 50 
AY350738_T.thermophila      MDTQTQTKVTVGCSCNPCKCQPLCKCGTTAACNCQPCENCDPCSCNPCKC 50 
XM_001011378_T.thermophila  MDTQTQTKVTVGCSCNPCKCQPLCKCGTTAACNCQPCENCDPCSCNPCKC 50 
XM_001011379_T.thermophila  MDTQTQTKVTVGCSCNPCKCQPLCKCGTTAACNCQPCENCDPCSCNPCKC 50 
AY660008_T.thermophila      MDTQTQTKVTVGCSCNPCKCQPLCKCGTTAACNCQPCENCDPCSCNPCKC 50 
FJ664126_T.tropicalis       MDTQTQTKVTVGCSCNPCKCQPLCKCGTTAACNCQPCENCDPCSCNPCKC 50 
T. farahensis_CuMT       MDTQTQTKLTVGCKCNPCKCQPLCKCGTTSSCNCQPCENCDPCSCNPCKC 50 
DQ518910_T.pyriformis       MDTQTQTKLTTACKCNPCKCQPLCKCGTTSACNCQPCENCDPCSCNPCKC 50 
AY043281_Tetrahymena_sp.    MDTQTQTKLTTACKCNPCKCQPLCKCGTTSACNCQPCENCDPCSCNPCKC 50 
AF258795_T.pigmentosa       MDTQTQTKLTTACKCNPCKCQPLCKCGTTSACNCQPCENCDPCSCNPCKC 50 
AF479586_T.pigmentosa       MDTQTQTKLTTACKCNPCKCQPLCKCGTTSACNCQPCENCDPCSCNPCKC 50 
EU627175_T.rostrata         MDTQTQTKLTTGCKCNPCKCQPLCKCGTTAACNCQPCENCDPCNCNPCKC 50 
FJ664125_T.tropicalis       MDTQTQTKLTVACKCNPCKCQPLCKCGTTSACNCQPCENCDPCSCNPCKC 50 
                            ********:*..*.***************::************.****** 
 
 
AY204351_T.thermophila      GVTESCGCNPCKCAECKCGSHTEKTSACKCNPCACNPCNCGSTSNCKCNP 100 
AY350738_T.thermophila      GVTESCGCNPCKCAECKCGSHTEKTSACKCNPCACNPCNCGSTSNCKCNP 100 
XM_001011378_T.thermophila  GATESCGCNPCKCAECKCGSHTEKTSACKCNPCACNPCNCGSTSNCKCNP 100 
XM_001011379_T.thermophila  GVTESCGCNPCKCAECKCGSHTEKTSACKCNPCACNPCKCGSTSNCKCNP 100 
AY660008_T.thermophila      GVTESCGCNPCKCAECKCGSHTEKTSACKCNPCACNPCKCGSTSNCKCNP 100 
FJ664126_T.tropicalis       GVTESCGCNPCKCAECKCGSHTEKTSACKCNPCACNPCKCGSTSNCKCTP 100 
T. farahensis_CuMT          GATESCQCNPCKCAECKCCTHAVKTSACKCDPCSCNPCKCGVTQSCQCNP 100 
DQ518910_T.pyriformis       GTSDACKCNPCKCTDCKC----AASAGCKCSPCNCTDCKCTGTESC---- 92 
AY043281_Tetrahymena_sp.    GTSDACKCNPCKCTDCKC----AASAGCKCSPCNCTDCKCTGTESC---- 92 
AF258795_T.pigmentosa       GTSDACKCNPCKCTDCKC----AASAGCKCSPCNCTDCKCTGTESC---- 92 
AF479586_T.pigmentosa       GTSDACKCNPCKCTDCKC----AASAGCKCSPCNCTDCKCTGTESC---- 92 
EU627175_T.rostrata         GVSDGCKCNPCKC----------------------ADCKCTGTKSC---- 74 
FJ664125_T.tropicalis       GTSEACKCNPCKCAECKCGSATDKSTACKCNPCACTECNCGATSNC---- 96 
                            *.::.* ******                        *:*  *..*     
 
 
AY204351_T.thermophila      CKCAECKC 108 
AY350738_T.thermophila      CKCAECKC 108 
XM_001011378_T.thermophila  CKCAECKC 108 
XM_001011379_T.thermophila  CKCAECKC 108 
AY660008_T.thermophila      CKCAECKC 108 
FJ664126_T.tropicalis       CNCAECKC 108 
T. farahensis_CuMT          CTCAECKC 108 
DQ518910_T.pyriformis       --CQKQ-- 96 
AY043281_Tetrahymena_sp.    --CQKQ-- 96 
AF258795_T.pigmentosa       --CQKQ-- 96 
AF479586_T.pigmentosa       --CQKQ-- 96 
EU627175_T.rostrata         --CQKK-- 78 
FJ664125_T.tropicalis       --CQKQ-- 100 
                              * :    
Fig. 4.28. Multiple sequence alignment of TfCuMT protein with other Tetrahymena copper 
metallothioneins ( MTT2) of different species of genus Tetrahymena. MTT2 specific CXC 
motifs are highlighted. Cadmium metallothionein (MTT1) specific CCC motifs are 
virtually absent in Copper metallothioneins.     
4.16 Phylogenetic relationship of TfCuMT with other ciliates 
Phylogenetic relationships of TfCuMT with other members of subfamily 7b of 
metallothioneins is shown in Fig. 4.29. This relationship is based on Neighbor joining 
method. The phylogenetic tree shows relatively close homology of TfCuMT (TZ 327 
CuMT) with the metallothioneins of T. thermophila and T. tropicalis as compared to 
CuMT of T. rostrata, T. pyriformis and T. pigmentosa.  
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Fig. 4.29. Phylogeny of TfCuMT on the basis of Neighbor Joining method. Mega5 software was used to 
construct the tree at 1000 bootstrap value.  
4.17 Conserve residues analysis 
Amino acid sequence alignment was performed using T-Coffee database. Multiple 
sequence alignment of TfCuMT shows it has a regular organization with a number of 
conserved residues like metallothioneins of other species of Tetrahymena. Fig. 4.30 
shows that peptide positions 13, 15, 24, 32, 34, 42, 44, 47, 53, 61, 63, 69 and 71 are 
highly conserved for cysteine residues while peptide position 1, 10, 26, 36, 48, 51 and 65 
are moderately conserved for metallothionein, threonine, cysteine, proline, lysine, 
cysteine and glycine, respectively.    
 
Fig. 4.30. Graphical representation of conserved amino acids in TfCuMT. The large size „C‟ indicate highly 
conserved sequences. Medium size indicates moderately conserved sequences while small size 
means variable regions. It appears that CxC blocks are quite conserved. 
 
 AY350738 T.thermophila CuMT2
 AY204351 T.thermophila CuMT2
 AY660008 T.thermophila CuMT4
 FJ664126 T.tropicalis CuMT2
 TZ 327 CuMT
 FJ664125 T.tropicalis CuMT1
 EU627175 T.rostrata CuMT2
 DQ518910 T.pyriformis CuMT2
 AY043281 Tetrahymena sp CuMT7
 AF479586 T.pigmentosa CuMT2
 AF258795 T.pigmentosa CuMT
 EF185997 Tetrahymena sp CdMT1
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4.18 Isoelectric point 
Theoretical isoelectric point (PI) of TfCuMT was determined by drawing 
hyopothetical pKa curve using Expasy database. Calculated results showed that the 
protein‟s isoelectric point (PI) is pH 8.4 (Fig.31).   
 
 
 
 
 
 
Fig. 4.31.  pKa curve of TfCuMT showing that isoelectric point is about pH 8.4. 
4.19 Hydrophobicity of TfCuMT 
Hydrophobicity of TfCuMT is shown in Fig. 4.32. Hydropathic regions have a 
positive value in Kyte and Dolittle plot. Possible surface exposed regions are indicated 
well by setting window size 5-7. Negative peaks show the putative surface regions of 
cytosolic proteins at 9 window size. Every amino acid is given a value between -4.5 and 
+4.5, indicating the most hydrophilic and most hydrophobic, respectively. Window size 
means number of amino acids with average hydrophobicity scores and given to the 
central amino acid in the window.  
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.32. Hydropathy graph of TfCuMT. None of the domain has hydropathicity higher than 1.8, 
indicating it is a cytoplasmic protein.  
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4.20 Functional analysis of cysteine residues  
 The role of different cysteine residues in the copper metallothionein peptide 
sequence was predicted using metalmine homology software. Fig. 4.33 shows that most 
of the cysteine residues of TfCuMT are involved in copper binding. The functional 
homology data is available up to 69 amino acids. More than 71% of the cysteine residues 
of homologous region are involved in copper binding.    
 
 
Fig. 4.33. Functional analysis of different cysteine residues in TfCuMT. This also confirms that 
metallothionein is copper binding in nature as most of the residues are coppermine. 
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(a) (b) 
4.21 Three dimensional structure predictions 
 Three dimensional structure of TfCuMT was resolved using I-TASSER server. 
Fig. 4.34a shows that globular sturucture of TfCuMT consists of nine β-sheets and other 
as random coils, no α-helix was found in the complete globular structure. Four disulfide 
bridges are also found between Cys18 - Cys32, Cys43- Cys61, Cys69 - Cys78 and Cys88 - 
Cys106 (Fig. 4.34b). The disulfide bridge between Cys43- Cys61 is the shortest one with the 
total bond length of 2.037Å while the disulfide bond between Cys69 and Cys78 is the 
longest one with a total bond length of 2.052 Å. 
  
 
 
 
 
 
 
 
 
 
Fig. 4.34. TfCuMT. (a) Three dimensional structure of representing the position of different β-sheets. (b) 
Four disulfide bonds are present at different positions in peptide sequence. The disulfide bonds 
are present at amino acid 18, 43, 69 and 88 between Cys18 - Cys32, Cys43- Cys61, Cys69 - Cys78 
and Cys88 - Cys106.    
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4.22 Mutagenesis of TfCuMT 
 Stop codons present at 4, 6 and 97 positions were mutated using mutagenic 
forward and reverse primers. Recombinant plasmid pTZ57R-327 was used as template 
(the cloned template is advantageous as the PCR product appearing at 327bp size was 
mutated). The amplified PCR product of 327bp (Fig. 4.35) was subject to T/A cloning. 
Fourth and last stop codon present at 57 position was mutated by using a mega primer of 
162 nucleotides (Fig. 4.36) as reverse primer. The amplified product (mut-327) was 
subjected to T/A cloning.  
 
 
 
 
 
 
 
 
Fig. 4.35.  PCR amplification of  TfCuMT with induced mutations at nucleotide +10, +16 and +289 using 
Xp1 and mut3 mutagenic primers. Nde1 restriction site was also introduced at 5‟ end of the 
coding region. 
 
 
 
 
 
 
 
 
 
 
Fig. 4.36. Agarose gel electrophoresis (1.5%) of synthesized megR with mutation of TAA stop codon to 
CAA. This method was opted as an alternative to whole plasmid synthesis method for removal 
of stop codon from the center of the T. farahensis CuMT.  
327 bp 
162 bp 
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4.23 Cloning of mut-327 in pET21a expression vector 
Mut-327 was cloned in pET21a expression vector. For this purpose gene was 
excised from pTZ57R-327 using Nde1 and EcoR1 restriction enzyme and pET21a was 
also restricted with the same enzymes. Fig. 4.37a shows the double restriction of both 
pTZ57R-327 and pET21a. After ligation of mut-327 in pET21a, E.coli DH5α competent 
cells were transformed with the recombinant plasmid. Fig. 4.37b shows the double 
restriction of recombinant pET21a-327 using Nde1 and EcoR1 to confirm the ligation. 
   
                        
Fig. 4.37. Cloning of TfCuMT in pET21a. (a)  Double restriction of  recombinant pTZ57R-327 and pET21a 
using Nde1 and EcoR1. b)  Double restriction of cloned mut-327 from pET21a with the same 
enzymes described earlier.  
4.24 Expression of TfCuMT in BL21C
+ 
For expressional analysis E.coli BL21C
+
 expression strain was transformed with 
recombinant pET21a-327 of TfCuMT. Three transformed colonies were picked randomly 
to check the expression of TfCuMT. Fig. 4.38 shows the SDS-PAGE of 0.2 mM IPTG 
induced transformed BL21C
+
 after 6 h.  The bands appearing between 10-15 kDa in 
induced culture confered the expression of TfCuMT. However expression level was quite 
low. 
  (a)   (b) 
5.4kb 
~361bp 
5.4 kb 
~361 bp 
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Fig. 4.38. Expression of TfCuMT in pET21a after 6 h at 0.2 mM. 1, 2, 4 are induced samples;5,6  
uninduced samples; M, protein marker. 
4.25 Cloning of mut-327in pET28 and its expression in BL21C
+ 
To check the enhanced expression of TfCuMT, it was cloned in pET28a. This was 
also helpful in the purification step of TfCuMT during downstream processes. Mut-327 
was cloned in pET28a expression vector using NdeI and HindIII restriction enzymes. 
Recombinant pET28a-327 was transformed in BL21C
+
. Fig.4.39 shows the expression of 
TfCuMT in BL21C
+
 using pET28a expression vector. The induced tagged expression of 
TfCuMT in pET28a expression vector was much higher as compared to expression in 
pET21 expression vector.  
 
 
 
 
 
 
 
Fig. 4.39. Expression of TfCuMT in pET28a at 0.2 mM after 6 h of induction. 1-4, induced samples; 5,6 
uninduced samples; M, protein marker. 
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4.26 Relative expression of TfCuMT in pET21a and pET28a 
 Relative expression of Tetrahymena copper metallothionein was compared by 
inducing both transformed BL21C
+
 cultures (one with pET21a-327 and other with 
pET28a-327) with 0.2 mM IPTG for 6 h. Fig. 4.40 shows that the expresson of copper 
metallothionein is many folds higher in pET28a as compared to that in pET21a. There is 
another observation that copper metallothionein appears to be oligmeric. The second 
band appeared at a position about double of molecular weight of 1
st
 band.     
 
 
 
 
 
 
 
Fig. 4.40. Relative expression of Tetrahymena in pET21a (lane 1) and pET28a (lane 2). The results indicate 
that expression of TfCuMT in pET28a is about 2 folds as compared to pET221a. The dotted 
arrows indicate the oligomeric nature of expressed protein.  
4.26.1 Effect of IPTG concentration  
IPTG, an isoform of allolactose acts as an inducer of Lac promoter present at the 
5‟ end of cloned gene. Fig. 4.41 shows the effect of different concentrations of IPTG on 
expression of TfCuMT.  ImageJ quantification results showed that expression increased to 
7.3, 7.9, 7.5, 7.4, 6.9 and 5.0 folds at 0.05 mM, 0.1 mM, 0.25 mM, 0.5 mM, 0.75 mM and 
1.0 mM IPTG concentrations, respectively. Quantification results showed 0.1 mM IPTG 
concentration is optimum induction for TfCuMT expression using pET28a expression 
vector in BL21C
+
 host cells. Further increase in IPTG concentration caused slight 
decrease in expression level.   
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Fig. 4.41.  Expression of TfCuMT at different  IPTG concentrations. M, protein marker; 1, uninduced 
sample; 2, 0.05M IPTG; 3, 0.1 mM IPTG; 4, 0.25 mM IPTG; 5, 0.5 mM IPTG; 6, 0.75 mM 
IPTG; 7, 1.0 mM IPTG. (b) Plotted peaks for different concentrations of IPTG. Arrow indicate 
the TfCuMT peaks. Sample loaded at 3 (0.1 mM IPTG) appears to have optimum IPTG 
concentration. 
 
4.26.2 Effect of induction time on the expression of TfCuMT 
Expression of TfCuMT increases with the passage of time up to 8 h after 
induction. Fig. 4.42 shows the effect of induction time on the expression of T. farahensis 
copper metallothionein. Expression increases gradually from 2 h to 4 h and an optimized 
expression is observed after 6-8 h of IPTG induction. At later stages expression level is 
slightly decreased.  
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Fig. 4.42. Time course expression of TfCuMT. a). 1, 2 hr; 2, 4 h; 3, 6 h; 4, 8 h; 5, 10 h; 6, 12 h; 7, 
uninduced; M, protein marker. b). ImageJ plot at different time intervals after 0.1 mM IPTG 
induction. Expression increased about  9, 14.5, 15.5, 15.6, 15.0 and 13.4 folds after 2, 4, 6, 8, 10 
and 12 h respectively.     
4.26.3 Effect of copper on expression of TfCuMT 
Metallothioneins are metal chelating proteins. In order to check the stability of 
metallothionein in the presence of copper, TfCuMT was expressed under different 
concentration of copper. Fig. 4.43 shows the effect of copper on expression of TfCuMT. 
A prominent expression band was obtained at 1 µM copper concentration, while 
expression was decreased at 20 µM and 50 µM copper concentrations. 
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Fig. 4.43. (a) Effect of different concentrations of copper on the expression of TfCuMT. 1, uninduced 
sample; 2, 0 µM; 3, 1 µM; 4, 5 µM; 5, 10 µM; 6, 20 µM, 7, 50 µM copper; M, protein marker. 
(b) ImageJ plot of different samples, indicating the effect of copper concentration on the  
expression of TfCuMT.  
4.26.4 Effect of cysteine on expression of TfCuMT 
Cysteine is in low abundance in the cell which may play its role as a limiting 
factor during metallothionein expression. Different concentrations of cysteine were added 
to induced culture to study the effect of cysteine on TfCuMT expression. Fig. 4.44 shows 
the effect of different concentrations of cysteine on expression of TfCuMT. Addition of 
cysteine in the medium at the time of induction resulted in 1.8 folds increase at 50 µM 
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cysteine concentration while 2.4 folds increase in expression was observed in the 
presence of 100 µM cysteine concentration. Fig. 4.45 shows the SDS-PAGE of expressed 
TfCuMT in the form of inclusion bodies. ImageJ showed that cysteine addition caused an 
increase of about 1.5folds in expression for both pET21a and pET28a.  
 
 
 
Fig. 4.44. Effect of cysteine supplementation on expression of TfCuMT. (a) M, protein marker; 1, 
uninduced sample; 2; 3; 4, IPTG induced in the presence of 0 µM, 50 µM and 100 µM cysteine 
concentrations.   
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Fig. 4.45. Effect of cysteine on expression.  a). Inclusion bodies after expression of TfCuMT in pET21a 
vector. 1, no cysteine, cysteine added. (b) ImageJ plot of expression in pET21a. Arrows indicate 
the peaks of TfCuMT. (c) Inclusion bodies after expression of TfCuMT in pET28a vector. 1, no 
cysteine, cysteine added. (d) ImageJ plot of expression in pET28a. Arrows indicate the peaks of 
TfCuMT. 
4.27 Stability of TfCuMT 
Stability of TfCuMT as apometallothionein was determined at 37
o
C. For this 
purpose protein inclusion bodies were suspended in 5% SDS and incubated at 37
o
C. Fig. 
4.46 shows the SDS PAGE of TfCuMT incubated for different intervals of time. ImageJ 
 
Fig. 4.46. Stability analysis of TfCuMT in 5% SDS and incubation at 37
o
C. 1, negative sample; 2,   
immediately after solubilizing (0 min); 3, after 20 min; 4, after 40 min. 
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analysis of showed that TfCuMT degrade about 12.5% within 20 min. This shows that 
the expressed protein has a half-life of about1 h and 43 min.  
4.28 Purification of recombinant TfCuMT  
His-tagged TfCuMT was purified using nickel affinity chromatography column. 
Resin charged with Ni
++
 was washed and equilibrated with 6M GnHCl. Crude protein 
was loaded on Nickel column and unbound protein was removed using wash buffer. His-
tagged TfCuMT was eluted using a gradient of imidazole and NaCl. At 0.1M imidazole 
and 0.1M NaCl, TfCuMT was eluted as pure product (single band), however at a gradient 
of  0.2M NaCl and imidazole five bands eluted which are most probably the oligomeric 
forms of Tetrahymena copper metallothionein. Fig. 4.47 shows different fractions of 
proteins obtained during nickel affinity chromatography.   
 
 
Fig. 4.47. Purification of TfCuMT using Nickel affinity chromatography.  1, total cell proteins; 2, flow 
through during protein loading; 3, wash buffer flow through; 4, elusion at 0.05M imidazole and 
NaCl; 5, elusion at 0.1M imidazole and NaCl; 6, elusion at 0.2M imidazole and NaCl; 7, elusion 
at 0.3M imidazole and NaCl.   
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4.29 Quantitative expression of TfCuMT at different copper concentrations 
Expression of TfCuMT at transcriptional level was determined through real time 
PCR. Expression of TfCuMT was induced by different copper concentrations in Bold-
basal copper medium and modified Neff‟s medium as shown in Fig. 4.48 and Fig. 4.49 
respectively. In Bold-basal salt medium optimum  copper concentration was 31.5 µM, 
with 126.8 fold increase in expression, while 50.7 and 12.9 folds increase in expression 
was noticed at 47.2 µM and  78.67 µM copper concentrations, respectively. 
 In case of modified Neff‟s medium, a gradual increase in gene expression was 
observed; at 15.75 µM, the expression was 30.6 folds which increased to 43.2 and 74.3 
folds at 78.67 µM and 157.6 µM, respectively.  
 
 
Fig. 4.48. Real time analysis of TfCuMT expression in Bold-basal salt medium. Four triplicates of 
Tetrahymena culture were induced for 15 min with 0 µM, 31.5 µM, 47.2 µM and 78.67 µM 
copper ions respectively. Optimum transcription level was observed 31.5 µM (2 µg/ml). 
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Fig. 4.49. Real time analysis for TfCuMT in Modified Neff‟s medium. Four triplicates of Tetrahymena 
culture were induced with 0 µM, 15.75 µM, 78.67 µM and 157.6 µM copper ions respectively 
4.30 Temporal quantitative expression of TfCuMT  
A triplicate of Tetrahymena culture grown in Bold-basal salt medium was induced 
with 31.5 µM of copper ions at 27±1⁰C. mRNA level of TfCuMT was quantified through 
real time PCR after 0 min, 15 min, 30 min, 45 min, 1 h, and 2 h of copper induction. 
Maximum 107.9 fold increase in expression was observed after 15 min of copper 
induction which decreased gradually in the following time intervals. The decrease was in 
the order of 30.6, 6.7, 5.8 and 3.7 folds after 30 min, 45 min, 60 min and 2 h, respectively 
(Fig. 4.50).     
 
Fig. 4.50. Real time analysis for inducible expression of  copper metallohtionein of T. farahensis in Bold-
basal salt medium at different time intervals. Optimum expression was observed after 15 min of 
copper induction. 
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mRNA expression level of TfCuMT in culture growing in modified Neff‟s 
medium was determined according to the pattern described above. In this case the 
optimum expression was also observed after 15 min which was 87.3 folds. Expression 
decreased to 30.07 folds and 16.3 folds at 30 min and 45 min. The decrease in expression 
continued after a slight increase of 18.3 folds at 1 hr (Fig. 4.51). 
 
 
 
 
 
 
 
 
 
 
Fig. 4.51. Real time analysis for inducible expression of copper metallohtionein of T. farahensis in 
modified Neff‟s medium at different time intervals. Optimum expression was observed after 15 
min of copper exposure.  
4.31 Melt curve analysis 
Metal curve analysis was performed to determine the specificity of qPCR 
amplicon. The melt curve graph (Fig. 4.52) showed two sharp dissociation points 
corresponding to TfCuMT and 18rRNA fragment (normalization factor). 
 
 
 
 
  
Fig. 4.52. Melt curve analysis for qPCR of  TfCuMT. The first merging point at 78.5⁰C corresponds to 
melting temperature of TfCuMT selected region while 81⁰C corresponds to melting temperature 
of SS rRNA gene‟s selected fragment. All peaks merging at single point confirm the specificity 
of Real Time PCR. 
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Heavy metals are known for their toxicity to the aquatic life ranging from 
planktonic to benthic and limnetic organisms (Fernandes-Leborans and Novillo, 1995; 
Monteiro et al., 1995).  Most of the metal ions inactivate enzymes and proteins by 
binding with their thiol, amino and imino groups (Albergoni and Piccinni, 1983). Heavy 
metals ions affect the survival of all types of organisms including protists by affecting 
their physiological processes like reduced endocytosis, decreased food uptake and 
inhibition of growth (Nilsson, 1979, 1981). Ciliates are integral part of land and water 
ecosystems (Finlay et al., 2000). They have been found in a number of heavy metal 
polluted wastewater ponds.  This shows they have capability to survive in metal stressed 
environment (Rehman et al., 2006). 
5.1  Ciliates diversity in industrial wastewater 
Microscopic observation of different industrial wastewater samples showed the 
presence of different types of microorganisms including Paramecium, Plagiopyla, 
Stylonychia, Tetrahymena, different types of algal and rotifers species. Some of them like 
rotifers, Paramecium and Stylonychia were found coexisting in the samples of Nala Sarai. 
Whereas, Tetrahymena containing samples had algal and fungal biomass mainly. They 
were devoid of any Paramecium, Stylonychia and Rotifers. Microbes present in 
contaminated wastewater are of special interest due to their counter mechanism against 
heavy metals. Rehman et al. (2006, 2008) have reported the presence of ciliate Euplotes 
mutabilis in heavy metals contaminated wastewater ponds at a temperature range of 19
o
C 
to 25
o
C and pH of the wastewater ranged from 7.86 to 8.53. Presence of ciliates in the 
heavy metal polluted wastewater indicate that they have adaptability to grow in polluted 
environment and they can be used to remove the metal ions from the polluted wastewater 
( Shakoori et al., 2004; Rehman et al., 2005).  
5,2 Growth optimization of Tetrahymena farahensis  
Initially samples were cultured in Bold-basal salt medium and kept in darkness. 
This is because to increase the population density of ciliates to observe under microscope.  
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Tetrahymena farahensis was isolated using drop method and pure culture was maintained 
in Bold-basal salt medium. Some contaminations observed along with T. farahensis were 
removed either by drop method or by providing a low level stress of copper. The lower 
copper stress not only ruled out the contamination but also helped in selection of the 
copper resistant ciliates. 
Growth pattern of T. farahensis was studied in wheat grain medium, Bold-basal 
salt medium, modified Neff‟s medium and copper supplemented Neff‟s medium.  T. 
farahensis grown in copper supplemented Neff‟s medium showed highest growth which 
is 2, 25 and 36folds as compared to modified Neff‟s medium, bold-basal salt medium and 
wheat grain medium respectively. Higher growth rate in modified Neff‟s medium and 
copper supplemented Neff‟s medium corresponds to the availability of nutrients and 
mode of nutrition: In modified Neff‟s medium and copper supplemented Neff‟s medium 
there is a plenty of nutrients (glucose, peptone, yeast extract), so T. farahensis grew 
rapidly while in case of Bold-basal salt medium and wheat grain medium slow 
fermentation processes have low amount of available food (bacteria), which resulted in 
relatively low population density.  
An inverse relationship between population growth rate and population life span 
was observed. In Bold-basal salt medium T. farahensis showed lower population density 
(80,000 cells/ml) in Bold basal salt medium but culture was maintained for more than 4 
weeks while in case of modified Neff‟s medium T. farahensis showed higher population 
density (10,000,000 cells/ml) but population was maintained for 2 weeks only. Rehman 
et al. (2006) have reported the growth of metal resistant ciliates (Euplotes) in LB 
medium, molasses medium, wheat grain medium and Bold basal salt medium. It was 
found that ciliates cultured in Bold-basal salt medium showed maximum growth as 
compared to other growth media.  
T. farahensis showed growth in a broader range of temperature.  They were 
capable of growing above 19
o
C and below 42
o
C, with optimum temperature of 27±1
o
C. 
This optimum temperature (27±1
o
C) has been used by a number of other scientists for 
different species of Tetrahymena (Nilsson, 2003; Dopheide et al., 2011). A 10⁰C increase 
in temperature has more adverse effect on the growth rate as compared to 10⁰C decrease 
in temperature from optimum temperature. This probably is due to the effect of 
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temperature on the stability of enzymes and other functional proteins. The above 
mentioned results are in agreement with those of Fields et al. (1984) who reported that 
the growth rate of T. pyriformis incubated at different temperatures and the maximum 
growth rate was observed at 25
o
C after three days of inoculation.  
pH 7.0 to7.5 is optimum for the growth of  T. farahensis  while growth was 
inhibited below pH6.0 and above pH8.0. Effect of pH on the growth of T. farahensis 
showed that these organisms can grow in a broader range of pH as compared to 
previously reported data. Weisse and Stadler (2006) have studies the effect of pH on the 
growth of three fresh water ciliates of genus Urotricha revealing that pH tolerance is 
mainly species specific. U. furcata tolerated a broad range of pH i.e., pH 5.9- 7.3 while 
for U. farcta and U. Castalia, the tolerable pH was 4.4–5.3 and 6.8-7.9, respectively.  
5.3 Effect of metals ions on growth 
Addition of copper (157.35µM) in modified Neff‟s medium resulted in nearly two 
fold increase in the growth of T. farahensis. Increase in growth by addition of copper 
indicates its biological role for functioning of enzymes and other proteins. Nicolau et al. 
(2001) has also reported an increase in growth rate of protozoan community at low 
copper concentrations. 
Under copper stress, growth of T. farahensis is severely affected which in bold-
basal salt medium and wheat grain medium remained approximately 10% as compared to 
normal while in case of modified Neff‟s medium, copper stressed growth was slightly 
higher than 2% than normal conditions.  Rehman et al. (2009) has also reported that 
excessive metal ions present in the growth medium resulted in a slower cell growth and 
delayed cell division. Copper stress results in a decrease of 92% of Euplotes population 
after 22 days (Rehman et al., 2006). Metals disrupt the cell membranes and destroy the 
cellular integrity through lysis (Madoni and Romeo, 2006). Metals inactivate the 
enzymes by binding with their sulphydryl group (Albergoni and Piccinni, 1983). Copper 
toxicity is mainly due to generation of reactive oxidative species (ROS) which are toxic 
to biomolecules. Organisms showed stressed growth probably due to increased oxidative 
stress by higher concentration of ROS. Formation of reactive oxidative species (ROS) is 
the most accepted one (Rico et al., 2009) and generation of reactive oxidative species due 
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to heavy metals have been studied in T. thermophila (Gallego et al., 2007) and 
Euglenoids (Watanabe and Suzuki, 2002; Watanabe et al., 2003). Cu at higher 
concentrations participate in generation of ROS. Although copper is less toxic compared 
to cadmium but it gives similar fluorescent emission for ROS (Gallego et al., 2007). 
Cadmium treated T. thermophila produced H2O2, hydroxyl and peroxyl radicals within its 
mitochondria. These toxic radical species increased by increasing metals concentration 
and it was maximum near to LC50 (Gallego et al., 2007). The toxicity of different heavy 
metals vary for different ciliates but in general its order is Cu>Cd>Pb>Ni>Cr (Madoni 
and Romeo, 2006). In case of Euplotes the order of toxicity is Cu
2+
> Cd
2+
> Pb
2+ 
>Hg
2+ 
>Cr
6+
 (Rehman et al., 2006). Presence of more than one metal in the culture media can 
interact with each other which may increase or decrease the metal toxicity (Gallego et al., 
2007). 
The maximum resistance dose (MRD) for copper against T. farahensis is 9µg/ml 
(143µM) and 8µg/ml (127µM) in Bold-basal salt medium and wheat grain medium, 
respectively, when added at the rate of 1µg/ml/day. While in the case of modified Neff‟s 
medium MRD of copper was 80µg/ml (1270µM) when added at the rate of 10µg/ml/day. 
Higher tolerance in modified Neff‟s medium is due to protective role of organic rich 
medium against metal ions. Maximum tolerance against copper have been reported up to 
220µg/ml in Vorticella microstoma with the minimal survival of 44 days (Shakoori et al., 
2004). The higher resistance against metal toxicity in some media is partially due to high 
concentration of organic molecules like peptone which have higher chelating capacity 
(Nicolau et al., 2001). 
5.4 Bioremediation of heavy metals 
 T. farahensis is capable to endure metallic stress by virtue of different cellular 
mechanisms including bioaccumulation. They have successfully removed 87.29µM, 
153.5µM and 120.6µM copper ions just after the 5h of copper induction at 158µM, 
786.6µM and 1573.5µM copper stress, respectively. Overall, there is an increase in the 
metal uptake by increasing metallic stress. However, at very high metal concentration, a 
decrease in metal uptake was observed, mainly due to the low number of viable cells. In a 
similar study on soil ciliates, Daiz et al. (2006) have reported that increasing metal 
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concentration (even higher than the LC50 value) increases the metal uptake capability of 
organisms. This bioaccumulation may be due to synthesis of metallothioneins. Martin-
Gonzalez et al. (1999) has also reported bioaccumulation as most obvious resistance 
mechanism against heavy metal among ciliates. Microorganisms have high tendency 
towards metal bioaccumulation (Harrison et al., 2006). They have higher surface to 
volume ratio, providing large surface area to contact with the polluted environment 
(Ledin, 2000). Among ciliates, Euplotes were able to remove 95% of Cu ions after 96h 
(Rehman et al., 2006). Copper bioaccumulation is not the only mechanism against metal 
toxicity; Cu-efflux pump is also thought to be very active in ciliates (Martın-Gonzalez et 
al., 2006). 
 T. farahensis showed bimodal update. Uptake was maximum from 15-30min 
which gradually decreased for next 4h and again increased after 5h. At low level copper 
stress (78.67µM and 157.35µM), first maximum uptake was observed at 30min, while at 
higher concentrations (786.7µM and 1573.5µM), maximum uptake was observed in first 
15min of copper stress. This shift in timings of copper uptake indicates that at higher 
metallic stress some rescue mechanism is activated which ensure the early synthesis of 
copper metallothioneins to chelate the toxic metal ions. Copper uptake is mainly due to 
expression of copper metallothioneins. 
5.5 SS rRNA sequencince analysis  
Nucleotide composition analysis of 1.8kb SS rRNA gene of locally isolated T. 
farahensis showed 27.6% T(U), 18.1% C, 29.5% A and 24.9% G resulting in a total GC 
content of 43.0%. Multiple sequence alignment showed four variable regions in the SS 
rRNA gene. These regions spread from 268nt -277nt, 485nt-488nt, 1329nt-1343nt and 
1660nt-1672nt. All the variations except one were either transitions or transvertions; first 
one being more frequent. Only one insertion was observed in the 2
nd
 variable region. 
Multiple sequence alignment showed there are 13 transitional and 5 transversional pairs. 
The transitional vs transversional mutations ratio is 2.39. Nucleotide sequencing of SS 
rRNA of T. aquasubterranea showed 41.7 % GC content (Quintela-Alonso et al., 2013). 
Analysis of SS rRNA gene of locally isolated T. farahensis showed 1% 
divergence with more than seven different species of Tetrahymena including T. 
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malaccensis and T. thermophila. This shows SS rRNA gene is too conserved to resolve 
the closely related species. The mean sequence divergence of SS rRNA for 45 species of 
Tetrahymena is 1.56±0.16. Most of the Tetrahymena species showed a sequence 
divergence of 0-2% (Chantangsi et al., 2007). This is insufficient to discriminate among 
closely related species (Chantangsi and Lynn, 2008).  
5.6 Cytochrome c oxidase subunit 1 
Cytochrome c oxidase subunit1 is another important biological marker for 
identification of different Tetrahymena species. Sequence analysis of 986bp fragment of 
T. farahensis COX1 gene showed more than 9% sequence divergence from T. 
thermophila and other species identical by SS rRNA gene. Tetrahymena isolates having 
≥1% COX1 sequence are considered as different species (Lynn and Struder-kypke, 
2006). The GC content of the T. farahensis COX1 is 27.7%  which is slightly higher than 
T. pigmentosa, T. mobilis (25% in both) and T. hyperangularis (26%) (Lynn and 
Struderkype, 2006).  Chantangsi et al. (2007) has also elaborated the role of cytochrome 
c subunit 1 (COX1) in species identification and calculated the mean intraspecific 
divergence for COX1 is 0.95% while interspecific divergence is 10.47%. Thus 
Interspecific divergence is 11-58.2 folds higher as compared to intraspecific divergences. 
Keeping in view the above parameters T. farahensis can be considered as a new species.  
5.7 Phylogenetic analysis 
Phylogenetic trees drawn on the basis of SS rRNA gene by neighbor joining and 
maximum likelihood methods using Mega5.2 software showed that T. farahensis is a 
member of Riboset A1 along with T. malaccensis and T. thermophila and it belongs to 
borealis group instead of australis group. Sogin et al. (1986) using molecular markers 
worked on the phylogenetic relationships among members of genus Tetrahymena. They 
are separated into two major groups i.e., australis and borealis (Struder-Kypke et al., 
2001). The australis group consists of riboset C which is homogenous while borealis 
group with riboset A and B is quite heterogeneous (Preparata et al., 1989). Because of 
very little genetic differences, the branches are not strongly supported by high boot strap 
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value (Struder-Kypke et al., 2001). Some species with similar SS rRNA can be 
distinguished on the basis of their morphology (Roque et al., 1970).  
Tetrahymena species identical by SS rRNA gene sequence can be discriminated 
on the basis of their mitochondrial COX1 gene sequence (Lynn and Struder-Kypke, 
2006). Fourteen different isolates of T. thermophila were sequenced for their COX1 
fragment, all having sequence divergence <1%. Sequence divergence between species 
ranges from 1% to 12% (Lynn and Struder-Kypke, 2006).  A phylogenetic study was 
performed on the basis of a specific fragment of COX1 gene. Seven isolated species 
exhibit mean intra specific sequence divergence <1% (Kher et al., 2011). In case of 
Tetrahymena the itraspecific divergence is likely to increase with spreading geography, 
so it would be safer to say that strains with higher than 5% divergence are separate 
species (Kher et al., 2011). Out of eight unidentified strains, five were give the status of 
putative new species on the basis of their COX1 nucleotide sequence (Kher et al., 2011). 
Phylogenetic tree drawn on the basis of T. farahensis COX1 nucleotide sequences clearly 
shows its close homology with T. malaccensis, T. thermophila and T.paravorax. 
5.8 Characterization of TfCuMT 
In the present study, a new copper metallothionein gene has been amplified from 
genomic DNA of locally isolated T. farahensis. This T. farahensis copper metallothionein 
gene (TfCuMT) has also been amplified from RNA through cDNA synthesis. Nucleotide 
sequence of TfCuMT from both sources confirms the absence of introns. This is in 
accordance with all previously reported metallothioneins from different species of 
Tetrahymena (Piccinni et al., 1999; Santovito et al., 2001; Boldrin et al., 2003; Fu and 
Miao, 2006; Shuja and shakoori, 2007; Boldrin et al., 2008). This characteristic of 
metallothionein is helpful in rapid response against the sudden stress of metal ions 
(Leignel et al., 2005; Santovito et al., 2007).  
Sequence analysis of TfCuMT showed presence of 30.6% cysteine residues 
within peptide sequence. Santovito et al. (2001) also purified copper binding 
metallothionein from copper induced sample of T. Pigmentosa. cDNA sequence analysis 
showed it consisted of 29% cysteine residues arranged in characteristic motifs of metal 
binding proteins (Santovito et al., 2001).  
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Ciliate metallothionein family 7 is subdivided into subfamily 7a and subfamily 
7b, mainly on the basis of the structural arrangement of cysteine residues, their lysine 
neighborhood, phylogenetic analysis and expression with respect to specific metal (Diaz 
et al., 2007). Multiple sequence alignment of TfCuMT showed 81% homology with T. 
thermophila MTT2 and it is a member of subfamily 7b due to its structural similarity, 
lysine arrangement and response to metal ions. Boldrin et al. (2008) has also reported 
65% homology of T. thermophila MTT2 with MT-2 of T. pyriformis and T. pigmentosa.  
Most of the cysteine residues of TfCuMT are arranged as “CxC” motifs forming 
two major repeats. Here „x‟ in most cases is lysine while Serine, Glutamine, Threonine 
and Asparagine are also present. Lysine to arginine ratio is not observed due to total 
absence of arginine in the primary structure of TfCuMT. Most of the amino acids are 
uncharged, while positively or negatively charged amino acids contribute up to 18%. 
Boldrin et al. (2008) reported that numerous cysteine residues arranged in different 
motifs is a typical characteristic of all metallothioneins. The CxC motifs are distributed 
throughout peptide length of subfamily 7b (copper metallothioneins) while in case of 7a 
(cadmium metallothionein) these CxC motifs are mainly restricted near to C-terminal 
(Diaz et al., 2007). Diaz et al. (2007) has also reported presence of lysine in CxC motifs 
and absence of CCC cluster in subfamily 7a. Both of these characteristics are present in 
the structure of TfCuMT. However there is one CC motifs which has been observed for 
the first time in copper metallothionein (7b), previously this was confined to cadmium 
metallothionein (7a) only. Coyle et al. (2002) has reported the absence of aromatic amino 
acids in all typical metallothionein, later on aromatic amino acid was reported in MTT1 
from T. tropicalis and T. thermophila (Shuja and Shakoori, 2007; Diaz et al., 2007). 
Presence of only one histidine residue in TfCuMT is also in close agreement with 
Gutierrez et al. (2009) findings that histidine is very rare in most of the reported 
metallothioneins. In newly isolated TfCuMT, as compared to other cellular proteins 
Lysine (K) and Arginine (R) ratio is also not followed. This extreme asymmetry in the 
K/R ratio is due to complete absence of arginine residues. Arginine is reported to be 
absent in all Tetrahymena CuMT (Diaz et al., 2007; Gutierrez et al., 2009). Lysine is 
exclusively used as positive amino acid in presently reported TfCuMT which is the case 
in most of the metallothioneins (Amaro et al., 2008). T. farahensis copper 
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metallothionein is devoid of modular structures however,  structural repeats are present  
with replacement of K at some point by N, T or Q. Amaro et al. (2008) has also reported 
the presence of CKCX2–5CKC structural repeats in copper metallothioneins. The 
structural repeats in Tetrahymena metallothioneins are probably the result of duplication 
of some ancestral fragment (Boldrin et al., 2003) and further duplication and 
diversification of duplicated gene gave rise to the subfamilies of Tetrahymena 
metallothionein (Santovito et al., 2007; Diaz et al., 2007). Multiple sequencing alignment 
of TfCuMT using T-coffee database shows that most of the conserved cysteine residues 
are present in first 70 amino acids peptide length. This is because most of the reported 
metallothioneins have below 80 amino acids residues. 
The amplified TfCuMT nucleotide sequence showed 83% homology with already 
reported copper metallothionein gene of T. thermophila. The translated amino acids 
sequence showed that TfCuMT belongs to subfamily 7b that is the family of ciliates 
copper metallothioneins. The amplified gene contains 327nt and it encodes 108 amino 
acid peptide sequence with TGA as universal and only stop codon for ciliates. The 
calculated molecular weight of this protein is 11.6kDa. This confers the finding of 
Gutieirrez et al. (2009) that Tetrahymena metallothioneins are quite larger than vertebrate 
metallothionein. Although Tetrahyemena metallothioenins are larger enough, they have 
cysteine residues within the average range (16-32%) of other metallothioneins (Gutieirrez 
et al., 2009). Table 5.1 shows a comparison of molecular mass of already reported copper 
metallothionein. 
 The hydropathy plot shows that all the domains of TfCuMT have hydropathicity 
value quite lower than 1.8 indicating that the protein is cytoplasmic in nature. pKa curve 
showed isoelectric point to be pH8.4 which is consistent with the general trend of PI of 
already reported metallothioneins. The isoelectric point of most of the metallothioneins is 
either neutral or slightly basic (Gutieirrez et al., 2009).  
Three dimensional structure prediction using I-TESSER server showed that 
TfCuMT peptide sequence secondary structure contains β-sheets and random coils. There 
is no α-helix. Eight cysteine residues are involved in the formation of four disulfide 
bridges between 18C-32C, 43C-61C, 69C-78C and 88C-106C. Metalmine analysis shows 
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that most of the cysteine residues are involved in copper binding. Analysis of Hamer 
(1986) showed that the functional sites of metallothioneins are the cysteine residues. 
 
Table 5.1   Comparative size and molecular masses of different copper metallothioneins reported in 
different species of Tetrahymana.  
CuMT gene Organism Molecular 
mass (kDa) 
Accession No. Submitted by 
MTT2 T.  farahensis  11.36 HE820725 Zahid et al., 2012 
MTT2 T. tropicalis 11.19 FJ664126 Chaudhry and 
Shakoori, 2009 
Hypothetical 
MTT2 
T. thermophile 11.21 XM_001011379 Eisen et al., 2008 
MTT4 T. thermophile 11.21 AY660008  Bakshandeh et al., 
2004 
MTT2 T. thermophile 11.2 AY204351 Boldrin et al., 2002 
MTT2 T.thermophila 11.2 AY350738 Boldrin et al., 2003 
MTT1 T. tropicalis 10.43 FJ664125 Chaudhry and 
Shakoori, 2009 
MTT2 T. rostrata 8.23 EU627175 Amaro et al., 2008 
MTT2 T. pyriformis 10.03 DQ518910 Santovito et al., 
2007 
MTT2 T. pigmentosa 10.03 AF258795 Santovito et al., 
2007 
5.9  Mutagenesis of TfCuMT    
Four TAG and TAA codons are present in the nucleotide sequence of TfCuMT 
which encode glutamine. Santovito et al. (2001) has reported the sequence analysis of 
CuMT of T. pigmentosa confirming TGA as only stop codon like other members of 
genus Tetrahymena and other ciliates. The universal stop codon TAA and TAG encodes 
glutamine in Tetrahymena (Horowitz and Gorovsky, 1985; Harper and Jahn, 1988; Shuja 
and Shakoori, 2007). TAA and TAG stop codons are mutated to CAA and CAG, 
respectively to expressed TfCuMT in E. coli. This was done though site directed 
mutagenesis using mutagenic and mega primer technique. Using similar technique TAA 
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in T. pyriformis MTT1 was mutated to CAA for expression in bacterial system 
(Domenech et al., 2008; Wang et al., 2011). However, overlapping PCR was used while 
in present study mega primer is also used mega primer. 
5.10 Expression and purification of TfCuMT 
E. coli BL21C
+
 host cells were transformed with mutated gene cloned in pET21a 
expression vector for expression purpose. Very low expression of TfCuMT was observed. 
Shuja et al. (2013) have reported no detectable expression of CdMT of T. tropicalis 
lahorensis using pET21a expression system. The lower level of expression may be due to 
instability of apoproteins and susceptibility to metal ions (Beach and Palmiter, 1981).  
Later TfCuMT was cloned in pET28a with the aim to get stable and higher expression. 
Change of expression vector resulted about 2 folds increase in expression level. Probably 
expressed protein was stabilized due to N-terminal His tag. These results are better in 
comparison with diffused expression of CdMT in pET28a by Shuja et al. (2013). The 
yield of proteins was increased when they expressed as fusion proteins to render the 
proteolytic attack by proteases (Mbikay et al., 1981).  
The availability of cysteine residue for synthesis of metallothionein is another 
limiting factor for the expression of metallohtionein. TfCuMT is a cysteine rich protein, 
while cysteine is a low abundance amino acid in the E. coli. A gradual increase in the 
expression level was observed by increasing an input of cysteine concentration in the 
medium. This shows that cysteine acts as a limiting factor for expression of 
Tetrahyemena copper metallothionein in E. coli BL21C
+
.  
 TfCuMTshowed optimum expression after 6h to 8h of IPTG induction. Optimum 
expression was obtained at 0.1mM IPTG induction further increase in IPTG conc. did not 
show any considerable increase expression level.       
pET28a does not contain any copper inducible promoter, however an increased 
expression level was observed in the presence of 1mM copper. This increase in 
expression is probably due to chelation of copper ions with Tetrahymena copper 
metallothionein, resulting a reduced degradation of expressed protein. Shuja et al. (2013) 
have also reported stabilized expression of tagged fusion protein in the presence of 
0.4mM Cd
2+
.  
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N-terminal His tag of recombinant TfCuMT is also a primary requirement for 
single step purification using Ni affinity column chromatography. NTN resin buffered 
with 6M GnHCl resulted in elusion of purified His tagged TfCuMT using 0.1M imidazole 
and 0.1M NaCl. Fusion proteins were purified through affinity chromatography using 
intein tag or by Q column chromatography (Hong et al., 2001; Yu et al., 2002). His6-
MTT2 of T. thermophila was successfully expressed in E. coli and purified using Ni-
NTA (Wang et al., 2011). Tetrahymena cadmium metallothioneins of T. pyriformis and 
T. tropicalis lahorensis have been successfully expressed and purified as fusion proteins 
(Domenech et al., 2008; Shuja et al., 2013).   
5.11 Quantitative expresion analysis of TfCuMT 
Quantitative expression of TfCuMT was analyzed through real time PCR. SS 
rRNA gene was used as normalization factor. qPCR analysis showed maximum 
expression of  TfCuMT was after 15min of copper exposure. The expression increases by 
increasing metallic stress. The above results are in close agreement with Boldrin et al. 
(2008) findings that metallothioneins expression was maximum after 30min of copper 
exposure. Metallohtioneins also maintain a basic expression level. Piccinni and Albergoni 
(1996) have reported metallothioneins as one of the major mechanisms involved in the 
metal response among protists including ciliates. 
TfCuMT showed an induced expression in the presence of copper stress. There 
was an increase in expression of TfCuMT by increasing copper stress up to sub lethal 
level. However, the expression was suppressed at lethal concentrations. Copper stress 
boosted the expression of  TfCuMT from basal level to 127folds and 75 folds within 
15min in Bold basal salt medium and modified Neff‟s medium, respectively, this 
remained only 4 and 14 folds respectively after 2h of copper induction. Dondero et al. 
(2004) has also reported the use of qPCR to analyze metallothionein mRNA after heavy 
metal exposure. Cu treatment showed induced expression of T. thermophila MTT2 
followed by down regulation for several hours, moreover the transfer of cells from 
stressed to non-stressed environment quickly diminish the induced expression of MTT2 
(Boldrin et al., 2006). Expression of cadmium metallothionein in T. pyriformis and T. 
pigmentosa was maximum after 1h of metal exposure (Santovito et al., 2000). Expression 
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of metallothionein in response to copper induction is very rapid. Maximum expression 
was obtained within 30min followed by a down regulation (Santovito et al., 2001). The 
maximum level of metallothionein in Neurospora was observed after 1h (Munger et al., 
1987), for kidney and liver of mice it was observed after 4-6h (Choudhury et al., 1993), 
in case of HeLa cells it was 6-8hrs(Karin et al., 1981), for while in case of turbot liver it 
was maximum after 4days of metal exposure (George et al., 1996). The induction value 
of particular metallothionein changes with duration of exposure time (Gutieirrez et al., 
2009). After maximum expression of metallothionein it is transiently down regulated but 
never becomes equal to basal expression level (Santovito et al., 2000). Metallothionein 
mRNA level increases with an increase in metal induction. In case of T. pyriformis and T. 
pigmentosa this increase was noted up to 5µg/ml of cadmium (Santovito et al., 2000). 
Induction of Cd and Cu resulted in 9 and 100fold increase in expression of T. 
thermophila MTT2 respectively (Wang et al., 2011).  Real time PCR data shows that 
expression of TfCuMT reached maximum after 15 min of copper exposure followed by a 
down regulation in the expression level. Oxy-radicals are involved in the transcriptional 
activation of MTs (Andrews, 2000) and this is proved by expression of MT gene through 
H2O2 induction (Dondero et a., 2004). The reduction in metallothionein expression is 
probably due to shortage of metal ions (Santovito et al., 2007). In Drosophila 
metallothioneins have been reported to inhibit their own expression through 
transcriptional factor inactivation (Egli et al., 2006).  
The present study indicates the present of new speices in the local environment. 
Identification of new species will be helpful to expolore the microfauna which is playing 
a key role in bioremediation of polluted environment. The pattern of metallothionein 
expression under the exposure of other metals will be hepful to understand the 
homeostatic mechanisms which are acitivated under stress conditions. Isolation of metal 
ion and metallothionein compldex from stressed organisms will provide a detrail picture 
of metal ion binding with metallothionein.   
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